Evaluating the impacts of Midwestern cropping systems on soil health and subsurface drainage water quality by Dougherty, Brian
Masthead Logo
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2018
Evaluating the impacts of Midwestern cropping




Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Agricultural Science Commons, Agriculture Commons, Agronomy and Crop
Sciences Commons, Bioresource and Agricultural Engineering Commons, and the Soil Science
Commons
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University Digital
Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University Digital
Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Dougherty, Brian, "Evaluating the impacts of Midwestern cropping systems on soil health and subsurface drainage water quality"
(2018). Graduate Theses and Dissertations. 16919.
https://lib.dr.iastate.edu/etd/16919
  
Evaluating the impacts of Midwestern cropping systems on soil health and subsurface 




Brian Dougherty  
 
 
A thesis submitted to the graduate faculty 
 
in partial fulfillment of the requirements for the degree of 
 
MASTER OF SCIENCE 
 
 
Major: Agricultural and Biosystems Engineering 
 
Program of Study Committee: 
Matthew J. Helmers, Major Professor  
Daniel S. Andersen 




The student author, whose presentation of the scholarship herein was approved by the program 
of study committee, is solely responsible for the content of this thesis. The Graduate College will 
ensure this thesis is globally accessible and will not permit alterations after a degree is conferred. 
 
 








Copyright © Brian Dougherty, 2018. All rights reserved.
ii 
 
TABLE OF CONTENTS 
    Page 
LIST OF FIGURES ........................................................................................................... iv 
LIST OF TABLES ............................................................................................................. vi 
ACKNOWLEDGMENTS ............................................................................................... viii 
ABSTRACT ....................................................................................................................... ix 
CHAPTER 1. GENERAL INTRODUCTION ................................................................... 1 
Background .................................................................................................................... 1 
Thesis Organization ....................................................................................................... 3 
References ..................................................................................................................... 3 
 
CHAPTER 2. EVALUATING THE IMPACT OF SWINE MANURE, COVER        
CROPS, AND TILLAGE ON DRAINAGE WATER QUALITY ..................................... 5 
Abstract .......................................................................................................................... 5 
Introduction ................................................................................................................... 6 
Materials and Methods ................................................................................................ 11 
Site Description ...................................................................................................... 11 
Experimental Design and Treatments .................................................................... 11 
Soil, Plant, and Drainage Sampling........................................................................ 13 
Data Management and Statistical Analysis ............................................................ 14 
Results and Discussion ................................................................................................ 15 
Precipitation............................................................................................................ 15 
Cereal Rye Biomass ............................................................................................... 15 
Cornstalk Nitrate-N ................................................................................................ 16 
Soil Nitrate-N and Bray P ...................................................................................... 17 
Drainage Flow ........................................................................................................ 18 
Nitrate-N Loss with Drainage ................................................................................ 19 
Dissolved P Loss with Drainage ............................................................................ 22 
Grain yields ............................................................................................................ 25 
Partial Budgets for N and P .................................................................................... 26 
Correlations Between Measurements ..................................................................... 27 
Conclusions ................................................................................................................. 28 
Acknowledgements ..................................................................................................... 29 






CHAPTER 3. EVALUATING THE IMPACT OF MANURE APPLICATION        
TIMING AND COVER CROPS ON DRAINAGE WATER QUALITY........................ 63 
Abstract ........................................................................................................................ 63 
Introduction ................................................................................................................. 64 
Materials and Methods ................................................................................................ 68 
Site Description ...................................................................................................... 68 
Experimental Design and Treatments .................................................................... 69 
Soil, Plant, and Drainage Sampling........................................................................ 70 
Data Management and Statistical Analysis ............................................................ 71 
Results and Discussion ................................................................................................ 71 
Precipitation and Drainage Flow ............................................................................ 71 
Cereal Rye Biomass ............................................................................................... 72 
Late Spring Soil Nitrate Test .................................................................................. 72 
Nitrate-N Loss with Drainage ................................................................................ 73 
Dissolved P Concentrations and Losses ................................................................. 76 
Grain Yields ........................................................................................................... 77 
Conclusions ................................................................................................................. 79 
Acknowledgements ..................................................................................................... 80 
References ................................................................................................................... 80 
 
CHAPTER 4. EVALUATING THE IMPACT OF MIDWESTERN CROPPING 
SYSTEMS ON SOIL HEALTH USING THE SOIL MANAGEMENT         
ASSESSMENT FRAMEWORK ...................................................................................... 97 
Abstract ........................................................................................................................ 97 
Introduction ................................................................................................................. 98 
Materials and Methods .............................................................................................. 102 
Site Description .....................................................................................................102 
Soil Sampling ........................................................................................................103 
Soil Sample Analysis.............................................................................................104 
Soil Health Assessment .........................................................................................106 
Statistical Analysis ................................................................................................107 
Results and Discussion .............................................................................................. 107 
Total Carbon in the Soil Profile ............................................................................107 
Total Carbon and Nitrogen in the Surface Layer ..................................................109 
Bulk Density ..........................................................................................................109 
Aggregate Size Distribution ..................................................................................110 
Potentially Mineralizable Nitrogen .......................................................................111 
SMAF Soil Quality Index (SQI) Scores ................................................................112 
Conclusions ............................................................................................................... 113 
Acknowledgements ................................................................................................... 114 
References ................................................................................................................. 115 
 
CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
RESEARCH .................................................................................................................... 133 
iv 
LIST OF FIGURES 
Figure 2-1. Combined rotation cumulative nitrate-N losses over 8 years. Combined losses 
with the same letter are not significantly different at P ≤ 0.05. ................................. 35 
Figure 2-2. Correlations between annual precipitation and NO3-N concentrations in 
drainage water in the corn phase of corn-soybean (CS) and continuous corn 
(CC) plots receiving manure. ..................................................................................... 36 
Figure 2-3. Correlations between April through June precipitation and NO3-N 
concentrations in drainage water in the corn phase of corn-soybean (CS) and 
continuous corn (CC) plots receiving manure. .......................................................... 37 
Figure 2-4. Correlations between annual precipitation and N loss in the corn phase of corn-
soybean (CS) and continuous corn (CC) plots receiving manure. ............................. 38 
Figure 2-5. Correlations between April through June precipitation and N loss in the corn 
phase of corn-soybean (CS) and continuous corn (CC) plots receiving manure. ...... 39 
Figure 2-6. Correlations between annual precipitation and corn yield in the corn phase of 
corn-soybean (CS) and continuous corn (CC) plots receiving manure. .................... 40 
Figure 2-7. Correlations between April through June precipitation and corn yield in the corn 
phase of corn-soybean (CS) and continuous corn (CC) plots receiving manure. ...... 41 
Figure 2-8. Correlations between N application rate and NO3-N concentrations in drainage 
water in the corn phase of corn-soybean (CS) and continuous corn (CC) plots 
receiving manure. ...................................................................................................... 42 
Figure 2-9. Correlations between N application rate and N loss in the corn phase of corn-
soybean (CS) and continuous corn (CC) plots receiving manure. ............................. 43 
Figure 2-10. Correlations between N application rate and corn yield in the corn phase of 
corn-soybean (CS) and continuous corn (CC) plots receiving manure. ................... 44 
Figure 2-11. Correlations between N application rate and cornstalk NO3-N in the corn phase 
of corn-soybean (CS) and continuous corn (CC) plots receiving manure. .............. 45 
Figure 2-12. Correlations between NO3-N concentrations in drainage water and cornstalk 
NO3-N in the corn phase of corn-soybean (CS) and continuous corn (CC) plots 
receiving manure. ..................................................................................................... 46 
Figure 3-1. Observed precipitation, 30-yr average precipitation, and drainage depth from 
October 2015 to December 2017. .............................................................................. 84 
v 
Figure 3-2. Monthly average flow-weighted NO3-N concentrations in drainage water from 
corn phase of corn-soybean rotations. ....................................................................... 85 
Figure 3-3. Monthly average flow-weighted NO3-N concentrations in drainage water from 
the soybean phase of corn-soybean rotations. ........................................................... 85 
Figure 3-4. Monthly average flow-weighted NO3-N concentrations in drainage water from 
continuous corn rotations. .......................................................................................... 86 
Figure 3-5. Cumulative N losses from drainage water in the corn phase of corn-soybean 
rotations. .................................................................................................................... 86 
Figure 3-6. Cumulative N losses from drainage water in the soybean phase of corn-soybean 
rotations. .................................................................................................................... 87 
Figure 3-7. Cumulative N losses from drainage water in continuous corn rotations. .................. 87 
Figure 4-1. Change in total carbon from 2007 to 2016 across all treatments at the 0 to 15 cm 
depth. ....................................................................................................................... 121 
Figure 4-2. Change in total carbon from 2007 to 2016 across all treatments at the 15 to 30 
cm depth. .................................................................................................................. 122 
Figure 4-3. Change in total carbon from 2007 to 2016 across all treatments at the 30 to 60 
cm depth. .................................................................................................................. 123 
Figure 4-4. Change in total carbon from 2007 to 2016 across all treatments at the 60 to 90 
cm depth. .................................................................................................................. 124 
Figure 4-5. Change in total carbon from 2007 to 2016 across all treatments at the 90 to 120 
cm depth. .................................................................................................................. 125 
Figure 4-6. Soil aggregate size distribution in each treatment at the ISU Northeast Research 
and Demonstration Farm, Nashua, IA. .................................................................... 126 
 
vi 
LIST OF TABLES 
Table 2-1. Experimental treatments for the 2008 through 2015 water quality study at the 
ISU Northeast Research Farm, Nashua, IA. ................................................................ 47 
Table 2-2. Actual amounts of N, P, and K applied with manure by treatment for years 2008 
through 2015. ............................................................................................................. 48 
Table 2-3. Growing season precipitation for the years 2008 through 2015 compared to the 
1986 to 2015 average. ................................................................................................ 49 
Table 2-4. Cereal rye cover crop agronomic data, aboveground biomass yields, and N and 
P in aboveground biomass. ........................................................................................ 50 
Table 2-5. Corn stalk nitrate test results for years 2008 through 2015. ...................................... 51 
Table 2-6. Fall soil NO3-N test results at five depths.................................................................. 52 
Table 2-7. Soil Bray-P test results at five depths in fall of 2007 and 2015................................. 54 
Table 2-8. Subsurface drainage water depth for each treatment. ................................................ 55 
Table 2-9. Annual average flow weighted NO3-N concentrations in drainage water for 
each treatment. ........................................................................................................... 56 
Table 2-10. Eight-yr quarterly average flow weighted NO3-N concentrations in drainage 
water for each treatment. .......................................................................................... 57 
Table 2-11. Annual and 8-yr average NO3-N losses via drainage water from each 
treatment................................................................................................................... 58 
Table 2-12. Flow weighted average PO4-P concentrations in drainage water for each 
treatment................................................................................................................... 59 
Table 2-13. Annual and 8-yr average PO4-P losses via drainage water from each treatment. ... 60 
Table 2-14. Corn and soybean yields for years 2008 through 2015. .......................................... 61 
Table 2-15. Eight-yr average partial N balance for the years 2008 through 2015. ..................... 62 
Table 2-16. Eight-yr average P balance for the years 2008 through 2015. ................................. 62 
Table 3-1. Experimental treatments for the 2016 through 2018 water quality study at the 
ISU Northeast Research Farm, Nashua, IA. .............................................................. 88 
Table 3-2. Manure nutrient content by treatment for 2016 and 2017 crop years. ....................... 89 
vii 
Table 3-3. Precipitation for the 2016 and 2017 growing seasons compared to the 1986 
through 2015 average. ............................................................................................... 89 
Table 3-4. Subsurface drainage water depth for each treatment. ................................................ 90 
Table 3-5. Spring 2016 and 2017 cereal rye cover crop aboveground biomass and N, P, 
and K uptake. ............................................................................................................. 91 
Table 3-6. Late spring soil NO3-N concentrations in 2016 and 2017. ........................................ 92 
Table 3-7. Quarterly flow-weighted NO3-N concentrations in drainage water in 2016 and 
2017. .......................................................................................................................... 93 
Table 3-8. Annual, rotation average, and two-year average flow-weighted NO3-N 
concentrations in drainage water in 2016 and 2017. ................................................. 94 
Table 3-9. Annual and 2-yr average NO3-N losses via drainage water from each treatment. .... 95 
Table 3-10. Yield data for the 2016 and 2017 crop years. .......................................................... 96 
Table 4-1. Historical tillage and N management for the experimental treatments at the ISU 
Northeast Research Farm, Nashua, IA. ................................................................... 127 
Table 4-2. Agronomic management for the 2017 crop year at ISU the Northeast Research 
Farm, Nashua, IA. .................................................................................................... 128 
Table 4-3. Estimated soil profile total C change over time from regression analysis of soil 
profile data from 2007 to 2016. ............................................................................... 129 
Table 4-4. Total carbon, total nitrogen, and C:N ratio from 0 to 15 cm bulk density cores 
sampled June 1 and 2, 2017. .................................................................................... 130 
Table 4-5. June and October 2017 bulk density measurements for 0 to 15 cm depth cores. .... 130 
Table 4-6. Cumulative potentially mineralizable nitrogen (PMN) levels over time during 
aerobic incubation. ................................................................................................... 131 
Table 4-7. Pearson correlation coefficients between Total N, C:N ratio, and PMN ................. 131 
Table 4-8. Individual indicator scores and overall Soil Quality Index (SQI) scores for each 




 First, I would like to thank my major professor Dr. Matthew Helmers for giving me the 
opportunity to join his research team and for providing guidance and opportunities for personal 
growth during my time at Iowa State University. Sincere thanks to Dr. Dan Andersen and Dr. 
Antonio Mallarino for serving on my graduate committee and providing expertise and suggestions 
for improving this thesis. Thank you also to Carl Pederson, Dr. Antonio Mallarino and his research 
team, and Ken Pecinovsky and staff at the Northeast Research and Demonstration Farm for 
providing much of the data upon which this thesis is based. Additional thanks to Dr. Michael 
Castellano and Dr. John Sawyer for sharing your thoughts and expertise on a range of subjects. 
Thanks to all of you for your mentorship and friendship.  
I am grateful to Dr. Chad Higgins, Dr. Roger Ely, Dr. Markus Kleber, Dr. Jason Kelley, 
and everyone else at Oregon State University who prepared me for a successful transition to 
graduate school. To Emily Waring, Bethany Brittenham, Kristina TeBockhorst, and all of my other 
teammates and friends in the ABE department, thanks for the friendship and for making me feel 
young again. Thank you to all of the undergraduate student workers who provided assistance with 
soil sampling and lab work. In addition, I would also like to thank the ABE department faculty and 
staff for making my time at Iowa State University a rewarding and unforgettable experience. A 
special thanks goes out to everyone who provided the opportunity, support, encouragement, and 
funding for me to undertake my Nuffield International Farming Scholarship travels while attending 
Iowa State University. It was a life-changing experience and I am forever grateful. Finally and 
most importantly, thank you to my wife Kecia and the rest of my family for the love, 




Agricultural nutrient management practices are an important component of the effort to 
improve water quality in the Mississippi River Basin. In particular, there is concern about nutrient 
export to the Gulf of Mexico via loss from subsurface drainage systems. Optimizing the use of 
fertilizers and animal manures in combination with other management practices has the potential 
to minimize negative impacts on water quality. Farmers are increasingly challenged to maximize 
crop production while utilizing fertilizers and animal manures in an efficient and environmentally 
friendly manner. An increasing awareness of the potential to address these issues by improving 
soil health has also led to significant interest in quantifying the impact of cropping management 
practices on soil health indicators. 
The objectives of the first study in this thesis were to investigate the effects of crop rotation, 
tillage, corn residue removal, swine manure, and cereal rye (Secale cereale) cover crops on nitrate-
N (NO3-N) and dissolved P (PO4-P) losses via subsurface drainage. The study was evaluated from 
2008 through 2015 using thirty-six 0.4 ha plots outfitted with a subsurface drainage water quality 
monitoring system. Results showed that swine manure applied prior to both corn (Zea mays L.) 
and soybean (Glycine max (L.) Merr.) had significantly higher flow-weighted NO3-N 
concentrations compared to swine manure applied before corn only. Total NO3-N losses from the 
treatments ranged from 15.2 to 29.5 kg N ha-1 yr-1. The cereal rye cover crops reduced NO3-N loss, 
whereas tillage and residue management had little impact. The treatments had minimal impact on 
PO4-P leaching. Total PO4-P losses averaged < 32 g P ha
-1 yr-1 from all treatments, which was very 
low in comparison to some drainage studies in the upper Midwest. 
The objectives of the second study were to evaluate the effects of liquid swine manure 
application timing, crop rotation, cereal rye cover crops, and a nitrification inhibitor on drainage 
x 
water quality and grain yields. The study was evaluated in 2016 and 2017 on the same plots as the 
first study. Results showed that early fall applied swine manure (EFM) with a rye cover crop 
resulted in significantly lower 2-yr average NO3-N concentrations and losses compared to EFM 
without a cover crop in a corn–soybean (CS) rotation. Spring application of urea ammonium nitrate 
(UAN) had significantly lower 2-yr average N losses compared to treatments receiving EFM or 
LFM in CS rotations. Average rye N uptake was significantly greater in plots receiving EFM 
application prior to corn (88 kg N ha-1) compared with plots receiving no manure prior to soybeans 
(51 kg N ha-1). There were no significant differences in 2-yr average NO3-N concentrations or 
losses in continuous corn (CC) treatments receiving either LFM or spring manure (SM). Yields in 
CC were significantly higher with SM compared to LFM. In CS rotations, 2-yr average corn yields 
were greatest with spring-applied UAN > LFM without cover crop > EFM without cover crop = 
EFM with cover crop. Soybean yields were lowest in the EFM with cover crop treatment. Delaying 
manure application until late fall rather than early fall, or spring rather than late fall, resulted in an 
economic advantage due to higher corn yields. The results indicate that the rye cover crop was 
effective for improving water quality and capturing N from manure. 
The third study investigated the long term effects of tillage, corn residue removal, liquid 
swine manure applications, and cereal rye cover crops on soil health indicators. Total soil carbon 
(TC) levels were monitored annually to a depth of 120 cm over a 10-yr period from 2007 to 2016. 
In the spring of 2017, soil cores were taken to a depth of 15 cm and analyzed for TC, aggregate 
size distribution, bulk density, potentially mineralizable nitrogen, pH, P, and K levels. This data 
was evaluated with the Soil Management Assessment Framework to quantify an overall soil 
quality index (SQI) score in five different treatments. Results show that from 2007 to 2016, TC 
levels remained unchanged to a depth of 30 cm but increased in all treatments at a depth of 60 to 
xi 
90 cm. There were also increases at the 30 to 60 cm and 90 to 120 cm depths in some treatments. 
The rate of change in TC at a given depth did not differ between treatments. In the 2017 soil cores, 
aggregate size distribution differed between treatments but there was no significant difference in 
the overall fraction of aggregates > 212 µm. Bulk density levels were significantly higher in no-
till compared to treatments with tillage. Potentially mineralizable nitrogen levels did not differ 
significantly between treatments. Overall SQI scores in the five treatments differed significantly, 
with CC treatments having the highest SQI score and a no-till + cover crop treatment having the 
lowest SQI due to higher bulk density and lower TC than other treatments. 
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CHAPTER 1.    GENERAL INTRODUCTION 
Background 
Water table management through the use of artificial subsurface drainage has resulted in 
very productive lands in humid zones with naturally poorly or somewhat naturally poorly drained 
soils. In the Upper Mississippi River watershed, subsurface drainage systems were installed to 
convert the prairie-wetlands landscape into agricultural production areas. Excess precipitation in 
these converted landscapes is removed artificially via subsurface drainage systems that intercept 
and divert it to surface waters. Agricultural drainage systems allow timely seedbed preparation, 
planting and harvesting, and protect crops from extended periods of flooded soil and/or high water 
table conditions.  
In general, improved subsurface drainage also results in less surface runoff, which 
normally has higher concentrations of sediment and nutrients than subsurface drainage. The 
tradeoff for improved subsurface drainage is a significant increase in nitrate-N (NO3-N) and 
dissolved P (PO4-P) losses (Gilliam et al., 1999; Ohio EPA, 2013). Nitrogen and phosphorus from 
fertilizer, manure, or derived from soil organic matter can be carried with the excess water in 
quantities that may have deleterious effects downstream. The movement of N from agricultural 
fields via subsurface drainage waters is a major factor in nonpoint source pollution of surface 
waters and ultimately the Gulf of Mexico, where it has been implicated as a primary contributor 
to the hypoxic zone (Rabalais et al., 1996; Mitsch et al., 2001). The environmental impacts of 
subsurface drainage depend on the agronomic practices implemented, as well as site, soils, and 
climatological factors.  
Factors such as tillage (Thoma et al., 2005), the source, rate and timing of nutrient 
applications (Bakhsh et al., 2009; Lawlor et al., 2011), crop rotation sequence (Kanwar et al., 
2 
1997), cover cropping (Strock et al., 2004; Parkin et al., 2006; Kaspar et al., 2007), and use of N 
stabilizers (Randall et al., 2003; Lawlor et al., 2004) can all effect nutrient cycling and losses to 
the environment. This thesis focuses on the evaluation of several of these agronomic practices 
common to the Midwestern United States, as well as their impacts on soil characteristics over time.   
The following chapters contain soil, water, and crop data collected from thirty-six 
subsurface drainage water quality monitoring plots at the Northeast Research and Demonstration 
Farm near Nashua, IA. The plots were installed in 1979 and were connected to individual sumps 
for measuring drainage effluent and collecting water samples for chemical analysis in 1988. Since 
their inception, these plots have been used to evaluate drainage water quality, soil, and crop yield 
outcomes from various cropping management practices. This has provided valuable long-term 
datasets of environmental performance of various cropping systems. This research adds to that 
body of knowledge by evaluating water quality and soil data collected between 2008 and 2017. 
The objectives of this thesis were to quantify the impacts on water quality and soil health from: 
1. Swine manure application in corn-soybean and continuous corn cropping systems 
2. No-till vs. tillage management 
3. Corn residue removal 
4. The use of cereal rye as a cover crop 
5. A nitrification inhibitor added to swine manure 
Results from this study can be used to develop recommendations for nutrient management 
practices that have the potential to provide soil health benefits and reduce NO3-N and PO4-P losses 




 Chapter 2 evaluates water quality data from an 8-yr experiment conducted between 2008 
and 2015. This includes NO3-N and PO4-P concentrations in subsurface drainage water, along with 
soil NO3-N and Bray P levels, partial budgets for N and P, and crop yield data. Chapter 3 
summarizes water quality and crop yield data from the first two years of a 3-yr experiment that 
started in 2016. References, figures, and tables follow their respective chapters. Chapter 4 
summarizes soil test results from a comparison among treatments using two different datasets. The 
first dataset includes soil profile C levels obtained to a depth of 120 cm between 2007 and 2016. 
The second dataset includes soil C, N, potentially mineralizable nitrogen (PMN), bulk density, and 
aggregate size distribution results from samples collected in the spring of 2017. This data was 
analyzed with the Soil Management Assessment Framework to compare soil health among 
different treatments.  
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CHAPTER 2.    EVALUATING THE IMPACT OF SWINE MANURE, COVER CROPS, 
AND TILLAGE ON DRAINAGE WATER QUALITY 
Brian Dougherty, Carl Pederson, Antonio P. Mallarino, Daniel S. Andersen, Michelle L. Soupir, 
Ramesh S. Kanwar, and Matthew J. Helmers 
A paper to be modified for submission to Journal of Environmental Quality 
Abstract 
Corn and soybean producers are increasingly challenged to maximize crop production 
while at the same time utilizing fertilizers and animal manures efficiently and minimizing negative 
impacts on water quality. In particular, there is concern about nutrient export to the Gulf of Mexico 
via loss from subsurface drainage systems. The objective of this study was to investigate the effects 
of crop rotation, tillage, crop residue removal, swine manure applications, and cereal rye (Secale 
cereale) cover crops on nitrate-N (NO3-N) and dissolved P (PO4-P) loss via subsurface drainage. 
The study was evaluated from 2008 through 2015 using thirty-six 0.4 ha plots outfitted with a 
subsurface drainage water quality monitoring system.  
Results showed that for swine manure applied prior to both corn (Zea mays L.) and soybean 
(Glycine max (L.) Merr.), drainage water had a flow-weighted NO3-N concentration of 23.4 mg N 
L-1 compared to 17.8 mg N L-1 for swine manure applied before corn only in a corn-soybean (CS) 
rotation. Total NO3-N losses ranged from 15.2 kg N ha
-1 yr-1 from a no-till CS treatment with rye 
cover crop and spring application of urea ammonium nitrate (UAN) to corn only, to 29.5 kg N    
ha-1 yr-1 from swine manure applied prior to both corn and soybeans. Total PO4-P losses averaged     
< 32 g P ha-1 yr-1 from all treatments. These results indicate that applying manure prior to soybeans 
in a CS rotation led to higher NO3-N concentrations in drainage water. A rye cover crop reduced 
NO3-N loss, whereas tillage and residue management had little impact on loss. Dissolved P losses 
6 
were very low in comparison to some drainage studies in the upper Midwest and, therefore, the 
differential cropping and nutrient management treatments had minimal impacts on PO4-P leaching. 
Introduction 
Water table management through the use of artificial subsurface drainage has resulted in 
very productive lands in humid zones with naturally poorly or somewhat naturally poorly drained 
soils. In the Upper Mississippi River watershed, subsurface drainage systems were installed to 
convert the prairie-wetlands landscape into agricultural production areas. A 2012 Census of 
Agriculture survey indicates that Illinois, Indiana, Iowa, Ohio, and Minnesota have a total of nearly 
38.7 million hectares of agricultural land with artificial subsurface drainage, which represents 
approximately 40% of total cropland (USDA NASS, 2014). Excess precipitation in these 
converted landscapes is removed artificially via subsurface drainage systems that intercept and 
divert it to surface waters. Agricultural drainage systems allow timely seedbed preparation, 
planting and harvesting, and protect crops from extended periods of flooded soil and/or high water 
table conditions. In general, improved subsurface drainage also results in less surface runoff. 
Surface runoff normally has higher concentrations of sediment, P, ammonium-nitrogen, bacteria, 
and some pesticides than subsurface drainage.  
The tradeoff for improved subsurface drainage is a significant increase in nitrate-N (NO3-
N) and dissolved P (PO4-P) losses (Gilliam et al., 1999; Ohio EPA, 2013). Nitrogen and 
phosphorus from fertilizer, manure, or derived from soil organic matter can be carried with the 
excess water in quantities that may have deleterious effects downstream. The movement of N from 
agricultural fields via subsurface drainage waters is a major factor in nonpoint source pollution of 
surface waters and ultimately the Gulf of Mexico, where it has been implicated as a primary 
contributor to the hypoxic zone (Rabalais et al., 1996; Mitsch et al., 2001). The environmental 
7 
impacts of subsurface drainage depend on the agronomic practices implemented, as well as site, 
soils, and climatological factors.  
Tillage has the potential to impact nutrient losses through subsurface drainage.  Research 
has found no difference in NO3-N concentrations when comparing moldboard plowed to chisel 
plowed treatments (Thoma et al., 2005). Some studies comparing chisel plowing to no-till (NT) 
have found little to no difference in NO3-N leaching (Logan et al., 1994; Fox et al., 2001). Other 
research found lower NO3-N concentrations in subsurface drainage from NT compared to other 
tillage systems with similar cropping rotations (Angle et al., 1993; Kanwar et al., 1997; Rekha et 
al., 2011). In a study from central Iowa, NT had significantly lower seasonal and annual NO3-N 
concentrations and overall N losses compared to a chisel plowed treatment (Waring, 2016). 
However, NT systems can have greater water infiltration and overall drainage flows compared to 
conventional tillage (Bjorneberg, 1995). This can lead to similar overall N loss on a mass basis in 
NT and tilled systems even with lower NO3-N concentrations in NT. Nitrogen mineralization and 
cycling will also differ between tilled and NT systems (Kristensen et al., 2003; Wyngaard et al., 
2016), which could lead to spatial and temporal differences in N loss via subsurface drainage. With 
increased emphasis on reducing tillage there is need for further evaluation of different tillage 
systems relative to drainage water quality.     
The source of N, rate of application, and crop rotation sequence can also effect NO3-N 
losses. Lawler et al. (2011) reported no difference in flow-weighted NO3-N concentrations 
between fall and spring applications of aqua-ammonia applied at 168 kg N ha-1 or liquid swine 
manure at 218 kg N ha-1, and higher NO3-N concentrations with spring application of aqua-
ammonia at 252 kg N ha-1. Studies have found that when manure was applied to soybeans at a rate 
of 219 kg N ha-1 (Bakhsh et al., 2009) or 168 kg N ha-1 (Lawlor et al., 2011) there was a statistically 
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significant increase in drainage water NO3-N levels when compared to corn (Zea mays L.) –
soybean (Glycine max (L.) Merr.) rotations that received liquid swine manure prior to corn only in 
a corn-soybean (CS) rotation. Kanwar et al. (1997) found a trend for increased NO3-N 
concentrations from continuous corn (CC) compared to CS rotations. With continuing pressure on 
livestock producers to reduce nutrient losses from manure application, there is a need for further 
investigations on the long term impacts of manure application on NO3-N loss through drainage 
systems.  
There is also increased discussion about corn residue removal for biofuel production, which 
has implications for nutrient dynamics and water quality and availability (Stone et al., 2010; 
Wilhelm et al., 2010). It could potentially lead to a shift to more CC acreage in the Midwest if 
demand for corn-based products increases. Modeling work suggests that corn stover harvest may 
increase herbicide movement to subsurface drains (Shipitalo et al., 2016), but little research has 
been done on the impact of stover removal on nutrient losses via subsurface drainage. Thus, there 
is a need for evaluating the impact of corn stover removal on drainage water quality in CC.  
Alternative land covers may change the N input and water and N consumption patterns, 
which have potential to affect NO3-N loss through drainage. Cover crops, grown between harvest 
and the following year planting, are a promising land cover for reducing NO3-N loss. In the 
Midwestern U.S., cereal rye (Secale cereale) is one of the main annual winter cover crops. Total 
N uptake by rye in spring has been reported to be 9 to 60 kg N ha-1 in Nebraska, 21 to 74 kg N    
ha-1 in Minnesota, 9 to 34 kg N ha-1 in Wisconsin, 35 to 51 kg N ha-1 in Illinois, and 14 to 32 kg N 
ha-1 in Iowa (Kessavalou and Walters, 1999; Ruffo et al., 2004; Andraski and Bundy, 2005; De 
Bruin et al., 2005; Qi et al., 2011). Kaspar et al., (2007) reported rye N uptake of 48 kg N ha-1 with 
rye terminated in late April and early May in Iowa.  
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Research has shown reductions of drainage and NO3-N leaching by winter rye cover crop 
in a controlled indoor environment (Logsdon et al., 2002; Parkin et al., 2006). Reduction of 
drainage and soil water content in cereal rye was also observed in a field study using confined non-
weighing lysimeters (Qi and Helmers, 2010). In field studies on a plot-scale, Strock et al. (2004) 
found that drainage and NO3-N loss in rye treatment was reduced by 11% and 13%, respectively. 
Kasper et al. (2007) reported that the difference was not significant between cumulative drainage 
in rye and control treatments, but the rye cover crop decreased the flow-weighted average NO3-N 
concentration by 59% and NO3-N loss by 61%. Of note from this study is that N application rates 
to corn were 235 and 246 kg N ha-1, which are above the Iowa recommended N application rates 
of 112 to 165 kg N ha-1 to corn in a CS rotation (Blackmer et al., 1997). Qi et al. (2011) found that 
rye cover crops had no significant effect on subsurface drainage flows or overall N losses, but 
reduced NO3-N concentrations during certain periods of the growing season. There are conflicting 
results on the impact of a cover crop on the yield of the main crop, with some research finding a 
reduction of 5 to 22% (Mcdonald et al., 2008), some an increased corn yield (Andraski and Bundy, 
2005), and most no significant difference (Ritter et al., 1998; Strock et al., 2004; De Bruin et al., 
2005). Overall, there is a need for further research on the long term impacts of winter rye cover 
crops on drainage water quality and yields.  
Phosphorus loss through subsurface drainage is also concern due to the potential for 
eutrophication of waterways. Phosphorus concentrations above 20 µg P L-1 can cause increased 
eutrophication in lakes (Sharpley et al., 2003). Research indicates that introducing N and P 
simultaneously can cause substantially more algal growth than either nutrient added alone (Lewis 
et al., 2011), which further complicates efforts to reduce eutrophication. Discharge from 
subsurface drainage lines has been shown to account for up to half of total P losses (Smith et al., 
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2015), and can regularly exceed 20 µg L-1 concentrations (King et al., 2015). Phosphorus losses to 
both surface water (Daloğlu et al., 2012) and drainage water (Jarvie et al., 2017) are related to land 
management and precipitation patterns. Soil type has also been shown to affect P losses to drainage 
water (McDowell and Sharpley, 2002). Accumulation of soil P near the surface under NT 
management has been linked to increased dissolved P losses (Baker et al., 2017; Smith et al., 2017). 
Studies have found a relationship between soil P levels and P losses with overland flow (Pote et 
al., 1996; Sharpley et al., 1996), but others have found that soil P levels did not have a significant 
effect on P losses via drainage water (Leinweber et al., 1999; Cassidy et al., 2017). Manure 
application has also been shown to affect P leaching losses (van Es et al., 2004) and the solubility 
of soil P, which has implications for P losses (Sharpley et al., 2004). Significant buildup of P in 
soil and sediments over time, referred to as legacy P, has led to concern about the impacts from 
long term releases of P on water quality (Jarvie et al., 2013; Sharpley et al., 2013). However, much 
of the research on P losses has been done in the Great Lakes and Chesapeake Bay regions. The 
effects of soil P levels, manure application, and cropping practices on PO4-P losses to drainage 
water in Iowa have received less attention. Long term data is needed to determine if PO4-P losses 
through subsurface drainage in Iowa is a concern for eutrophication.   
The purpose of this study was to evaluate the drainage water quality impacts of various 
cropping and nutrient management practices. Specific objectives were to evaluate the 
concentrations of NO3-N and PO4-P in subsurface drainage water resulting from (i) swine manure 
applications to corn only or both corn and soybeans in a CS rotation, (ii) no-till vs. tillage, (iii) 
stover removal in CC, and (iv) use of cereal rye as a cover crop. Results from this study can be 
used to develop recommendations for management practices that have the potential to reduce NO3-
N and PO4-P losses to shallow groundwater.  
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Materials and Methods 
Site Description 
Experimental data were collected at the Iowa State University Northeast Research and 
Demonstration Farm near Nashua, IA. The soils at the site include Floyd loam (fine-loamy, mixed, 
mesic Aquic Hapludolls), Kenyon loam (fine-loamy, mixed, mesic Typic Hapludolls), and 
Readlyn loam (fine-loamy, mixed, mesic Aquic Hapludolls) (Kanwar et al., 1997). The Kenyon 
soil is classified as moderately well drained whereas the Floyd and Readlyn soils are moderately 
poorly drained. These soils, particularly Floyd and Readlyn, have a seasonally high water table 
and benefit from subsurface drainage. Subsurface drains were installed in thirty-six 0.4 ha plots 
(70 m x 57 m) in 1979, several years prior to the study. Each of the plots was drained separately 
via subsurface drain lines installed in the center of each plot at a depth of 1.2 m below the ground 
surface with a drain spacing of 28.5 m. Subsurface drainage cross-flow from one plot to another 
was minimized by installing drainage lines between plot borders and isolating the plots with berms 
(Kanwar et al., 1999). In 1988, the central subsurface drainage lines were intercepted at the 
downslope end of the plots, and were connected to individual sumps for measuring drainage 
effluent and collecting water samples for chemical analysis. The sumps were equipped with a 110-
volt effluent pump, water flow meter, and an orifice tube located on the discharge pipe of the sump 
pump. Approximately 0.2% of the water pumped from the sump flowed through the 5-mm 
diameter polyethylene orifice tube to a water sampling bottle located in the collection sump each 
time the pump emptied the sump water. A more detailed description of the subsurface drainage 
system can be found in Kanwar et al. (1999).  
Experimental Design and Treatments 
The management systems for this experiment were established in 2007 using a randomized 
complete block design with six treatments and three replications (blocks). Treatment details are 
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shown in Table 2-1. Treatment abbreviations are: FM = Fall Manure, SU = Spring UAN, CC = 
Continuous Corn, NT = No-Till, -S = Stover removal, and +R = Rye cover crop. The target N 
application rate in kg N ha-1 for each treatment is also given in the abbreviation. One of the CC 
treatments (FM224CC-S) had approximately 30% of the corn stover removed in the fall after 
harvest whereas the other CC treatment (FM224CC) had no stover removal. All other treatments 
were managed with a CS rotation with both crops of the rotation present each year. For treatments 
managed with tillage, the plots with corn residue were chisel plowed in the fall after corn harvest 
and both corn and soybean plots were field cultivated in the spring before planting the crops.  
Liquid swine manure was obtained from a growing-finishing swine facility. Manure 
application rates were estimated with an initial sampling from the manure pit and the actual N, P, 
and K application rates were determined with manure samples taken from the agitated manure 
application tank the day the manure was applied. The manure was injected on 76 cm spacing to a 
depth of approximately 15 cm after crop harvest in late in the fall when soil temperatures were 
below 10°C. The target N application rate for FM168 treatments was 168 kg N ha-1 of total manure 
N. The FM168/112 treatment received fall manure at a target rate of 168 kg N ha-1 prior to corn 
and 112 kg N ha-1 prior to soybeans. Continuous corn treatments received yearly fall applications 
of manure at a target rate of 224 kg N ha-1. Table 2-2 shows the actual amounts of N, P, and K 
applied with manure by year for all FM treatments. The SU168 treatment received spring 
applications of either 28% or 32% urea ammonium nitrate solution (UAN) at a target rate of 168 
kg N ha-1 approximately three weeks after corn was planted. The UAN was injected to a depth of 
approximately 15 cm behind a fluted coulter blade in the center of every second row of corn (152 
cm spacing). The SU168 treatments received applications of 25, 23, and 24 kg P ha-1 using triple 
superphosphate fertilizer in the fall of 2010, 2012, and 2014, respectively, to maintain soil-test P 
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near optimum levels for crops. The SU168 treatments also received 200 and 120 kg K ha-1 in the 
fall of 2013 and 2014, respectively, using muriate of potash (KCl) fertilizer. No additional P or K 
was applied to plots receiving manure. Corn was planted with a row spacing of 750 mm at a 
population of approximately 86,600 seeds ha-1. Soybeans were drill seeded in 200 mm rows at a 
population of approximately 494,000 seeds ha-1. Elbon variety cereal rye was drill seeded 
immediately after harvest in 200 mm rows at a rate of approximately 90 kg ha-1. The cereal rye 
cover crop was terminated with glyphosate in the spring.  
Soil, Plant, and Drainage Sampling 
Cumulative subsurface drain flows were recorded and sampling bottles were removed for 
nutrient analysis once per week from mid-March to the beginning of December during the study 
period. The drainage water samples were stored at 4˚C prior to analyses and were not filtered since 
no turbidity was observed. Drainage samples from 2008 to 2010 were analyzed for NO3-N and 
orthophosphate dissolved P (PO4-P) with a Lachat QuikChem 8000 Flow Injection Analyzer 
(Loveland, CO). The minimum standard for NO3-N was 0.25 mg N L
-1 with a minimum detection 
limit of 0.01 mg N L-1. The minimum standard and detection limits for PO4-P were 0.005 and 
0.001 mg P L-1, respectively. The 2011 through 2015 samples were analyzed for NO3-N and PO4-
P with a Seal Analytical AQ2 Discrete Autoanalyzer (Mequon, WI). The minimum standard for 
NO3-N was 0.012 mg N L
-1 with a detection limit of 0.003 mg N L-1. For PO4-P the minimum 
standard and detection limits were 0.01 and 0.002 mg P L-1, respectively. 
 Soil profile samples were collected in the fall after harvest, with a single 4-cm diameter 
core taken from each of the 36 plots to a depth of 120 cm using zero contamination tubes and a 
hydraulic soil probe. The samples were split into five depths: 0 to 15, 15 to 30, 30 to 60, 60 to 90, 
and 90 to 120 cm. Soil profile samples were analyzed for total C, NO3-N, Bray P, Mehlich-3 P, 
Olsen P, and pH using methods recommended for the north-central region of the US by the North 
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Central Region Extension and Research Activities (NCERA-13) committee (Brown, 1998). 
Samples of rye cover crop biomass were taken to quantify total N in aboveground plant material 
each spring prior to its termination with glyphosate. Sampling of biomass took place in four 
random locations in each plot from 0.5 m2 areas. A cornstalk NO3-N test was performed annually 
at the end of the growing season to measure NO3-N concentrations in the lower portion of 
cornstalks (Blackmer and Mallarino, 1996). Grain yields were determined by averaging three yield 
check strips from each plot. Grain yields were adjusted to a moisture content of 15% for corn and 
13% for soybeans. Grain, corn stover, and cereal rye plant samples were analyzed for total N, P, 
and K (Zarcinas et al., 1987). 
Partial N and P budgets were developed using data from the research site. Total N and P 
applied is the 8-yr average from swine manure, UAN, and P2O5 fertilizer applications. Biological 
N fixation (BNF) in soybeans is estimated using midrange values from Salvagiotti et al., (2008). 
An estimate of 58% of total plant N uptake (81% of grain N) from BNF was used for unfertilized 
soybeans, and a value of 52% of total plant N uptake (72% of grain N) from BNF in fertilized 
soybeans was used for the FM168/112 treatment. Total N and P removed is the sum of N exported 
in grain, stover (FM224CC-S only), and losses via drainage water. Atmospheric deposition, 
volatilization, erosion, and other fluxes were not accounted for. 
Data Management and Statistical Analysis 
 Subsurface drainage flow depth (cm) for each plot was calculated by dividing total flow 
volume by drainage area. The annual NO3-N and PO4-P loss via subsurface drainage water in kg 
ha-1 was calculated by multiplying the concentrations (mg L-1) with the drainage flow depth and 
dividing it by 10 for each interval of sampling. Quarterly and annual flow-weighted NO3-N and 
PO4-P concentrations were calculated by multiplying the total N load from each replicate for a 
given period by 10 and dividing by total drainage depth from that same period. In the CS rotations, 
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data from the three replicates of each crop and treatment were averaged to determine the overall 
value for each crop, and data from all six plots were averaged to determine the overall treatment 
effect for the rotation. Statistical analysis was done with SAS™ software version 9.4 (SAS 
Institute, 2015). Subsurface drainage flow depths, NO3-N concentrations and losses, soil test 
results, cereal rye biomass, and corn and soybean grain yields were analyzed using PROC GLM 
assuming fixed block and treatment effects. Comparisons among treatments were tested at 5% 
significance level using the Least Significant Difference (LSD) method only when the treatments 
main effect was significant at P ≤ 0.05. Dissolved P concentrations were analyzed with PROC 
LIFEREG in SAS, which uses a Tobit regression to model censored values that were below the 
minimum standard. Comparisons were made using the Tukey Honest Significant difference (HSD) 
method with P ≤ 0.05. Correlations between measurements were analyzed with SigmaPlot 
software version 13.0 (Systat Software, San Jose, CA). 
Results and Discussion 
Precipitation 
Table 2-3 shows precipitation amounts during the growing season for the years 2008 
through 2015 with a comparison to the 30-yr (1986 to 2015) average. Eight-yr average 
precipitation was 76.8 cm, which was slightly higher than the 30-yr average of 75.4 cm. The 8-yr 
trend was toward more precipitation in April through June and less in July through September 
compared to the 1986 to 2015 average. Overall, this 8-yr period had a range of precipitation 
conditions, with two years (2008 and 2013) receiving more than 110% of the 30-yr average 
precipitation, and two years (2011 and 2012) receiving less than 90% than the 30-yr average. 
Cereal Rye Biomass 
Cereal rye agronomic data, aboveground biomass, and nutrient uptake is detailed in Table 
2-4. Rye biomass growth preceding the soybean crop was significantly greater than growth 
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preceding the corn crop in 2011, 2012, and 2013, with the remainder of the years showing no 
significant difference. The 8-yr average biomass growth was not significantly different preceding 
corn vs. soybeans. The number of days between rye seeding and termination was not a good 
predictor of biomass growth (y = 70.678e0.0076x, R2 = 0.01). The total number of growing degree 
days (= base temperature 5°C) also was a weak predictor of rye biomass growth (y = 49.071e0.0029x, 
R2 = 0.15). Aboveground rye biomass N concentration tended to be higher preceding corn, whereas 
P tended to be higher preceding soybeans. However, this pattern did not hold in all years. This 
likely reflects different precipitation patterns as well as planting and termination dates, which 
would affect biomass growth and nutrient uptake. Eight-yr averages for N and P concentrations in 
rye biomass were not statistically different when comparing corn and soybean residue plots. Rye 
biomass N uptake on a mass basis was significantly higher preceding the soybean crop in 2011 
through 2014. Rye biomass P uptake on a mass basis was significantly higher preceding the 
soybean crop in 2011 and higher preceding corn in 2013. When averaged over the 8-yr study, the 
difference in N and P uptake preceding corn vs. soybeans was not significant at P ≤ 0.05.  
Cornstalk Nitrate-N  
Cornstalk NO3-N test concentrations are shown in Table 2-5. Concentrations in 2012 and 
2015 were greater than 2000 mg N kg-1 on average, indicating that N may have been available in 
excess of what was needed to maximize profit. Concentrations in all years in the SU168 treatment 
were considered sufficient (250 to 2000 mg N kg-1) or high (> 2000 mg N kg-1) (Sawyer and 
Mallarino, 2018). Concentrations in SU168NT+R were considered sufficient or high except in 
2010 and 2011. Concentrations in FM168/112 were low (< 250 mg N kg-1) in four of the eight 
years, and were low in all other treatments receiving manure in five of the eight years. This 
suggests a potential shortage of plant available N occurred more often in plots receiving manure. 
The effects of treatments on stalk NO3-N levels are more difficult to interpret. Stalk NO3-N levels 
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fluctuated considerably year-to-year due to undetermined factors. Year-to-year variation tended to 
be greater than variation between treatments. There was no significant difference in the 8-yr 
average stalk NO3-N levels when comparing the two CC treatments. The corn in CS rotations did 
show a significant difference, with stalk NO3-N concentrations for SU168 being higher than for 
FM168 and FM168NT. 
Soil Nitrate-N and Bray P  
Fall soil NO3-N values from 2008 to 2015 at five different depths are shown in Table 2-6. 
Mean values were highest at the surface and decreased with depth. There were some significant 
differences in soil NO3-N between treatments at different depths and in different years, but no 
consistent patterns emerged to indicate that for a given treatment it was consistently higher or 
lower than for others at any depth. Sampling a single deep core from each plot did not consider 
possible within-plot variation, which may limit the reliability of the measurements and conclusions 
about estimates of treatment differences. When comparing corn vs. soybean plots across all 
treatments, the soybean plots tended to have higher soil NO3-N values where differences were 
statistically significant. Soil NO3-N at 0 to 15 cm depth was lowest in 2009. High precipitation in 
October of 2009 likely leached NO3-N downward from the surface layer before the soil sampling. 
The cereal rye cover crop did not significantly affect fall soil profile NO3-N levels. These results 
suggest that year-to-year weather variation had more of an effect on soil NO3-N values than 
changes in management between the various treatments. 
Soil Bray-P values in the fall of 2007 and 2015 at five different depths are shown in Table 
2-7. The ranking of treatments for results by the Olsen and Mehlich-3 methods were similar and 
are not shown. The SU168 treatments show substantially lower Bray-P in the 0 to 15 cm depth in 
2015 compared to 2007, suggesting that the P application may not have been sufficient to maintain 
plant-available soil P. However, long-term soil P trends in other experiments have shown high 
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temporal variability in soil-test P values that could not be explained by P application and P removal 
with harvest (Mallarino and Prater, 2007). The FM168/112 treatment had a substantial increase in 
Bray-P to a depth of 30 cm between fall of 2007 and 2015. FM224CC and FM224CC-S have a 
history of annual manure application since 1999, which is reflected in the considerably higher 
Bray-P levels compared to the other treatments. The FM224CC treatment had a substantial 
increase in Bray-P in the 0 to 15 cm depths between fall 2007 and 2015, whereas FM224CC-S 
resulted in no obvious P change at any depth. There were no substantial changes in Bray-P between 
2007 and 2015 in other treatments at any depth. Bray-P was very low for depths below 30 cm for 
all treatments, ranging mostly from 3 to 7 mg P kg-1. A few other Iowa soils have naturally higher 
subsoil P levels. There was no apparent pattern of P stratification near the surface in NT plots. This 
may be due to the 0 to 15 cm sampling depth, which may be too deep to detect P accumulation 
near the surface. 
Drainage Flow  
 Subsurface drainage flow depths for each treatment are shown in Table 2-8. Eight-yr 
average drainage depth from all plots was 14.1 cm, though there was significant plot-to-plot 
variation in flow. No drainage flow was recorded in January or February of any year. The 
FM168NT and SU168NT+R treatments had significantly greater 8-yr average flow depth than 
FM168/112 and SU168, respectively, suggesting that NT may have led to increased drainage flows 
in this case. Comparing the two NT treatments, SU168NT+R had a significantly lower flow 
compared to FM168NT in soybeans but not corn. Averaging across the site and years, 
approximately 18% of total growing season precipitation ended up as subsurface drainage flow. 
There was a strong correlation (R2 = 0.78) between annual precipitation and annual average 
drainage flow from both corn and soybean plots. Flow was consistently greater in soybean plots 
compared to corn plots, possibly due to differences in precipitation timing vs. evapotranspiration 
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losses in soybeans compared with corn. Considerable plot-to-plot variation in flow depth was 
observed (not shown) probably due to differing soil types and topography, which was only partially 
accounted for by the experimental design blocking. 
Nitrate-N Loss with Drainage 
The effects of treatments on flow-weighted annual average NO3-N concentrations 
(FWANC) in subsurface drainage water are summarized in Table 2-9. Eight-yr average FWANC 
in drainage from plots receiving swine manure were higher in comparison to plots receiving UAN. 
The SU168NT+R treatment had the lowest FWANC concentrations, with an 8-yr average of 10.4 
mg N L-1 in corn plots and 9.6 mg N L-1 in soybean plots. FM168/112 had consistently higher 
FWANC in drainage compared to all other CS rotations. Applying fall manure to both corn and 
soybeans vs. only to corn resulted in 31% higher FWANC with the application to both crops. The 
8-yr average for FM168/112 was 27.4 mg N L-1 in corn plots and 19.4 mg N L-1 in soybean plots. 
Comparing results from the SU168 treatments, there was a significantly lower FWANC for 
SU168NT+R, where the rye cover crop was used. Combining data across the corn and soybean 
phases of the rotation shows approximately 30% lower FWANC with the rye cover crop. The 
FWANC was not affected by the tillage comparison between FM168 and FM168NT or the corn 
grain vs. grain plus stover harvest between FM224CC and FM224CC-S. 
 Table 2-10 shows the 8-yr average flow-weighted quarterly NO3-N concentrations 
(FWQNC). The abbreviations Q1 through Q4 represent the periods January through March, April 
through June, July through September, and October through December, respectively. No drainage 
flow was recorded in January or February of any year. The FM168/112 treatment had significantly 
higher FWQNC in soybeans during Q1, Q2, and Q3 compared to FM168. The cover crop 
significantly reduced FWQNC in both corn and soybeans in Q2, and only in soybeans in Q3. 
Apparent quarterly differences between the CC treatments were not statistically significant. Tillage 
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had no significant effect on FWQNC when comparing FM168 and FM168NT. Quarters 2 and 3 
generally had the highest FWQNC followed by Q4, and Q1 had the lowest. 
Annual and 8-yr average NO3-N losses in kg N ha
-1 from all treatments are shown in Table 
2-11. On an annual basis, no clear trends were observed over time indicating that the treatment 
effects were not consistent for the different years. The greatest losses occurred in 2013, where May 
and June precipitation was considerably higher than average. On average across the 8 years, the 
FM168 treatments had a significantly higher NO3-N loss in comparison to the SU168 treatments 
in the corn phase of the rotation. Applying fall manure to both corn and soybeans vs. only to corn 
resulted in an average NO3-N loss increase of 17%.  
Cumulative losses (kg N ha-1) averaged across rotations over the 8-yr period are shown in 
Figure 2-1. There was no significant difference between the FM168 and FM168NT treatments, 
suggesting that tillage did not significantly affect N loss. The highest and lowest combined rotation 
losses were in FM224CC and SU168NT+R, with an average of 34.4 and 15.2 kg N ha-1 yr-1, 
respectively. Cumulative N losses from FM224CC and FM224CC-S were not significantly 
different. 
Some of the combinations of different nutrient sources, application rates, and application 
timing in this study had a noticeable effect on NO3-N concentrations and losses in subsurface 
drainage water. The increase in FWANC and total N loss with manure application vs. UAN 
fertilizer observed in this experiment may be due in part to different application timing because 
the manure was applied in the fall and the UAN was applied in the spring three weeks after corn 
planting. Fall applied N is present in the soil for a longer period with no crop N uptake and has 
more time to leach through the soil profile compared to spring application. Randall et al., (2003) 
found a 13 to 18% increase in NO3-N losses in a CS rotation with fall anhydrous ammonia 
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compared to spring. It should be noted that fall swine manure was applied at inconsistent N rates 
within (not shown) and across the treatments and years, which could add to the variation in NO3-
N concentrations and N losses over time. The years 2008 through 2011 had substantially lower 
actual N application from swine manure than the target rate for most treatments. The actual N rate 
from manure was substantially higher than the target for most treatments in 2013 and 2015. The 
8-yr average N rate from manure was close to the target rate of 168 kg N ha-1 in CS treatments but 
was below the target rate of 224 kg N ha-1 in CC.   
Bakhsh et al. (2009) reported an 80% increase in FWANC with fall manure on both corn 
(177 kg N ha-1) and soybeans (219 kg N ha-1) compared to corn only at the same research site. 
Here we saw a 31% increase with 112 kg N ha-1 applied to soybeans. The lower manure application 
rate to soybeans reduced FWANC compared to the FWANC with a higher application rate, 
although it still resulted in increased leaching compared to no manure application. These results 
suggest that fall application of manure to soybeans in a CS rotation should be minimized or avoided 
where NO3-N leaching via subsurface drainage is a concern. 
No-till and conventional tillage with fall applied manure resulted in similar NO3-N 
leaching losses in this study. Comparing FM168 and FM168NT, the NT plots had significantly 
greater subsurface drainage flows (Table 2-8) and somewhat lower FWANC (Table 2-9) in the 
weekly water samples. This resulted in similar overall N loss on a mass basis. The same pattern 
occurred with spring UAN application in the SU168 treatments. The SU168NT+R treatment had 
a significant reduction in FWANC and a significant increase in subsurface drainage flow relative 
to SU168, resulting in similar overall N mass loss (Table 2-11). This could be due to SU168NT+R 
having NT management while for SU168 conventional tillage was used. The improved soil 
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structure typically seen in NT systems can allow for greater water infiltration, with the tradeoff 
being the potential for increased leaching of NO3-N beyond the root zone. 
Comparing FWANC between SU168 and SU168NT+R treatments shows that the cover 
crop was effective in reducing NO3-N concentrations in drainage water, but not actual N losses. 
Cover crops have been shown to immobilize N and reduce mineral N levels in soil (Thilakarathna 
et al., 2015), leading to less NO3-N leaching during the periods of high subsurface flow (Salmerón 
et al., 2010). This can be particularly effective for reducing NO3-N leaching during periods of no 
N uptake by the cash crop, and is the likely mechanism behind reduced NO3-N concentrations 
observed in this study. There was minimal correlation between cover crop N uptake and 
subsequent FWANC or annual N loss (not shown). It is important to note that confounding of some 
treatments make it difficult to assess the precise impact of cover crops on overall N losses. The 
SU168 treatment was managed with tillage, whereas SU168NT+R was managed with NT. Thus, 
the NT systems can have greater preferential flow (Kleinman et al., 2009) and greater peak 
drainage flows (Kanwar et al., 1997), although the difference in drainage flow between SU168 and 
SU168NT+R was not statistically significant. There was also minimal correlation between annual 
average subsurface flow and FWANC in the cover crop treatment, but a strong correlation (R2 = 
0.74) between subsurface flow and annual N loss on a mass basis (not shown). This suggests that 
N losses were driven primarily by precipitation and subsequent drainage flow, not cover crop N 
uptake or NO3-N concentrations in drainage water. 
Dissolved P Loss with Drainage 
The treatment effects on flow weighted annual dissolved PO4-P concentrations in 
subsurface drainage water are summarized in Table 2-12. Eight-yr average concentrations ranged 
from 3 to 28 µg P L-1. No statistically significant difference was found between any of the 
treatments in the CS or CC treatments. Flow-weighted concentrations of PO4-P tended to be higher 
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in 2008 and 2013 when precipitation and subsurface flow was greater. A majority of the PO4-P 
concentrations in 2011, 2012, and 2014 were below the minimum detection limit of the analysis 
equipment. Annual and 8-yr average PO4-P losses in g P ha
-1 are shown in Table 2-13. Eight-yr 
average losses ranged from 5 to 31g P ha-1 yr-1. In the corn phase of the CS treatments, FM168 had 
a significantly higher loss than the other treatments. No significant differences were found in the 
soybean phase. High subsurface flow events in the spring of 2008 and 2013 accounted for a 
majority of the PO4-P leaching.   
Dissolved P losses and flow-weighted concentrations from subsurface drainage water were 
lower than what has been reported in studies conducted in other states. Dissolved P losses in this 
study ranged from 0.005 to 0.031 kg P ha-1 yr-1 averaged over eight years. Gentry et al. (2007) 
observed losses ranging from 0.05 to 1.01 kg P ha-1 yr-1 over a 2-year period from agricultural 
fields with subsurface drainage in Illinois. King et al. (2015) reported subsurface drainage losses 
ranging from 0.22 to 0.69 kg P ha-1 yr-1 in central Ohio. Long term flow-weighted concentrations 
from subsurface flow ranged from 86 to 102 µg P L-1 in a study done in east-central Illinois 
(Algoazany et al., 2007). A 3-yr study in central IA saw concentrations between 29 and 74 µg P 
L-1, with losses < 0.3 kg P ha-1 yr-1 (Daigh et al., 2015). This compares to a range of 4 to 19 µg P 
L-1 observed for 8-yr average means over replications across each treatment in our study.    
The lower concentrations and losses at our site could be due to differing land management 
practices, soil and subsoil physical and chemical properties, or drainage volumes. The topsoil P 
concentrations were not too high and P was very low for depths below 30 cm for all treatments. A 
few other soils of Iowa and the Midwest have naturally higher subsoil P levels. Soils at the research 
site do not tend to exhibit shrink-swell characteristics. Shrink-swell soils tend to have more 
macropore flow, which could lead to greater PO4-P losses. Also, previous research showed that 
24 
some Iowa subsoils with very low P concentrations can be very effective at filtering P moving 
laterally to tile drains (Allen et al., 2012). These authors investigated P lateral movement through 
3.0 m of subsoil of Clarion series (fine-loamy, mixed, superactive, mesic Typic Hapludolls) with 
1.6 g kg-1 Olsen P, 157 g kg-1 clay) between two 1.07-m deep field trenches and a 1.0-m deep tile 
line. Most of a Br- tracer reached the drainage tile but little P reached the tile. Subsoil Olsen-P 
concentration and P saturation were the highest in subsoil near the trench walls and decreased 
asymptotically to background levels at a 1- to 1.5-m distance from the trench walls. Although 
losses were low, there was a trend towards greater PO4-P losses with higher soil Bray-P levels in 
this study. Soil Bray-P levels in the 0 to 15 cm layer in CC treatments are considered very high 
(>31 mg P kg-1) and we saw higher PO4-P losses there compared to the other treatments with Bray-
P in the optimum (11 to 16 mg P kg-1) and high (17 to 30 mg P kg-1) ranges. 
A level of 10 to 20 µg P L-1 can lead eutrophication of water resources, although this varies 
greatly depending on hydrological, chemical, and other properties of the receiving waters 
(Heathwaite and Dils, 2000). This suggests that even the low concentrations observed in this study 
could lead to downstream water quality degradation. A majority of the P loss in this study was the 
result of short periods (days to weeks) with high drainage volumes. Monthly average flow-
weighted PO4-P concentrations reached as high as 1000 µg P L
-1 from individual plots. The highest 
concentrations were observed in March 2008 during the first subsurface flow event for the growing 
season following greater than normal precipitation. The greatest mass loss of P occurred in May 
2013 when precipitation was significantly above average following a dry year in 2012. Subsequent 
sampling in 2014 resulted in concentrations that were below the detection limit from most plots 
for the majority of the year. This suggests that soil soluble P extraction is significant and P is 
susceptible to leaching when there is significant vertical and lateral water flow through the soil 
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profile and with high subsurface flow. Other research indicates that macropore flow accounts for 
a significant portion of this P loss with subsurface drainage (Heathwaite and Dils, 2000; Simard et 
al., 2000; Smith et al., 2015). Although loss mechanisms differ, a similar pattern was observed 
with NO3-N in this study, with minimal losses in the dry year of 2012 followed by the greatest 
mass loss in May 2013. This is in agreement with other research indicating that timing and intensity 
of precipitation events is a significant factor affecting drainage water quality (Thoma et al., 2005; 
Algoazany et al., 2007). 
Grain yields 
Corn and soybean yields in Mg ha-1 for 2008 through 2015 are shown in Table 2-14. 
Averaged over eight years, all CS rotation treatments with tillage had statistically greater corn 
yield compared to the NT treatments. Eight-yr average corn yields from SU168, FM168, and 
FM168/112 were not significantly different, with yields of 12.41, 11.81, and 11.94 Mg ha-1, 
respectively. Corn yield for SU168NT+R and FM168NT were not significantly different. Yields 
in the CC treatments were substantially lower in 2008 but appeared to improve over time relative 
to the other treatments. No-till management in the FM168NT treatment resulted in a significant 
reduction in yield relative to FM168. Similarly, the combination of NT and cover crop in the 
SU168NT+R treatment led to an even greater reduction in yield relative to SU168, suggesting that 
both NT management and the cereal rye cover crop caused yield reductions in this study. As 
mentioned previously, fall swine manure was applied at inconsistent N rates among treatments and 
years, which could add to the annual variation in corn yields in treatments receiving manure.  
In soybeans (Table 2-14), 8-yr averages show that treatments where manure was applied 
only for the corn phase resulted in statistically greater soybean yield than in treatments receiving 
UAN fertilizer. Soybean yield for FM168/112 was not significantly different from yield of FM168, 
indicating that the application of manure prior to soybeans did not affect soybean yield. We also 
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saw no difference in soybean yields when comparing NT to tillage in the FM168NT and FM168 
treatments. However, there was a statistically significant soybean yield decrease in the 
SU168NT+R treatment relative to SU168. This suggests that while NT did not appear to affect 
soybean yields in this study, there was a yield reduction due to the cover crop.  
Confounding management for some treatments make it difficult to assess the direct impact 
of cover crops on yield in this study. For example, SU168 utilized UAN fertilizer with 
conventional tillage without cover crop, whereas SU168NT+R utilized UAN with cover crops and 
NT. Comparing tillage vs. NT without cover crop with FM168 and FM168NT shows a yield 
reduction in corn of approximately 0.93 Mg ha-1 with NT. Therefore, this suggests that one-half 
or more of the 1.64 Mg ha-1 yield reduction in SU168NT+R compared to SU168 could be due to 
a tillage effect, with the remainder due to the cover crop.  The corn yield reduction with cover 
crops could be due insufficient N mineralization, poor synchronization with corn N uptake, a 
deficiency of N in the soil profile after the cover crop, or some combination of these factors. 
Soybean yield was better with NT (FM168NT) compared to tillage (FM168), but still showed a 
yield loss when a cover crop is included (SU168 vs. SU168NT+R). This suggests a significant 
yield reduction in soybeans due to the cover crop. While other studies have seen a corn yield risk 
from cover crops it has been unusual to see yield loss in soybeans (Pantoja, 2013; Moore et al., 
2014). The potential yield drag at this site is an aspect that warrants future investigations. 
Partial Budgets for N and P  
The partial N budget in Table 2-15 shows negative N balances in the SU168, FM168, and 
FM168NT treatments. The SU168NT+R treatment had a zero balance due to lower yields and thus 
lower grain N removal compared to the treatments with negative balances. The FM168/112 
treatment showed a positive balance. It received a higher annual average rate of applied N than the 
other treatments, which offset the lower N fixation estimate for fertilized soybeans. The CC 
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treatments both showed positive N balances. This reflects the higher rate of N application in these 
treatments as well as less grain N removed with corn relative to soybeans. The actual N balance 
could vary considerably from these estimates depending upon BNF and other fluxes, but the partial 
budgets reflect systems that could be roughly in balance over time. Soil test data indicates that TC 
levels in all treatments were stable to slightly increasing over time (not shown). This suggests that 
soil N levels are also relatively stable given that soil C:N ratios typically do not change 
substantially. 
The P budgets shown in Table 2-16 follow the same trend, with slightly negative balances 
in CS rotations with the exception of FM168/112, and positive balances in the CC treatments. Soil 
Bray-P levels correlate with the P budget, with Bray-P decreasing in CS rotations with the 
exception of FM168/112, and increasing in FM224-CC. The exception is FM224CC-S, which has 
a positive P budget but showed no significant change in Bray-P over 8 years. 
Correlations Between Measurements 
Correlations between precipitation, corn yield, NO3-N leaching, total N loss, N application 
rate, and cornstalk NO3-N concentrations in plots receiving manure were examined. Figures 2-2 
and 2-3 show the correlations between annual and April through June precipitation, respectively, 
and FWANC in the corn phase of CS and CC plots receiving manure. There was no correlation 
(R2 = 0.00) between annual precipitation and NO3-N concentrations in CS rotations and a weak 
correlation (R2 = 0.17) in CC rotation plots. Correlations were greater when comparing April 
through June precipitation to FWANC in CS (R2 = 0.08) and CC (R2 = 0.39) rotations, with a trend 
of greater precipitation leading to higher NO3-N concentrations. Wetter soils may have greater 
microbial conversion of N to NO3-N, which is readily leached from the profile. This could explain 
the trend of higher NO3-N concentrations with greater rainfall. Similar comparisons were made 
between annual (Figure 2-4) and April through June (Figure 2-5) precipitation and total N loss. 
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When comparing total N losses and NO3-N concentrations, total N loss has a higher correlation to 
precipitation. April through June precipitation was well correlated to total N loss in both CS (R2 = 
0.65) and CC (R2 = 0.72) rotations. More precipitation would lead to more NO3-N being leached 
through the soil profile and into the drainage system. Correlations between precipitation and yield 
(Figures 2-6 and 2-7) show that yields generally declined with increasing precipitation. Higher 
precipitation, particularly earlier in the growing season, could cause greater N loss and a shortage 
of available N later in the growing season, thus leading to lower corn yields.  
Correlations between N application rate from manure and FWANC in drainage water are 
shown in Figure 2-8. There was a trend toward higher N rate leading to higher FWANC, but the 
relationship was not strong (R2 < 0.18). There was a slight trend showing higher N application rate 
leading to greater total N loss via drainage water (Figure 2-9), but the relationship was poor (R2 < 
0.06). There was also a positive correlation (R2 = 0.11) between N rate and corn yield in both CS 
and CC rotations (Figure 2-10). When comparing effects on corn yield, precipitation was more 
important than N rate. Total N rate was somewhat correlated to end-of-season cornstalk NO3-N 
levels (Figure 2-11), although there was considerable variation in cornstalk NO3-N values from 
year to year and plot to plot. A positive correlation is expected since higher N application rates 
should generally result in greater plant N availability and N uptake. There was no relationship 
between FWANC and cornstalk NO3-N, as shown in Figure 2-12. 
Conclusions 
Results from the study indicated that tillage had little impact on FWANC in a CS rotation 
but a cereal rye cover crop showed the potential to reduce NO3-N leaching due to lower FWANC 
in drainage water. Swine manure applied prior to both corn and soybeans led to an increase in 
FWANC compared to swine manure applied only before corn in a CS rotation. Total NO3-N losses 
were the lowest from a NT rye cover crop treatment with spring application of liquid UAN and 
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the highest from swine manure applied prior to both corn and soybeans. Residue removal had little 
impact on NO3-N concentrations or yields in CC. The eight-year study showed minimal impact on 
PO4-P concentrations from any of the treatments. Total PO4-P losses from all treatments were 
lower than those reported in other Upper Midwestern studies. These results help improve our 
understanding of how nutrient management impacts nutrient loss through drainage systems.    
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Figure 2-1. Combined rotation cumulative nitrate-N losses over 8 years. Combined losses with 





Figure 2-2. Correlations between annual precipitation and NO3-N concentrations in drainage 
water in the corn phase of corn-soybean (CS) and continuous corn (CC) plots receiving manure. 
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Figure 2-3. Correlations between April through June precipitation and NO3-N concentrations in 




Figure 2-4. Correlations between annual precipitation and N loss in the corn phase of corn-
soybean (CS) and continuous corn (CC) plots receiving manure. 
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Figure 2-5. Correlations between April through June precipitation and N loss in the corn phase of 
corn-soybean (CS) and continuous corn (CC) plots receiving manure. 
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Figure 2-6. Correlations between annual precipitation and corn yield in the corn phase of corn-
soybean (CS) and continuous corn (CC) plots receiving manure. 
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Figure 2-7. Correlations between April through June precipitation and corn yield in the corn 
phase of corn-soybean (CS) and continuous corn (CC) plots receiving manure. 
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Figure 2-8. Correlations between N application rate and NO3-N concentrations in drainage water 
in the corn phase of corn-soybean (CS) and continuous corn (CC) plots receiving manure. 
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Figure 2-9. Correlations between N application rate and N loss in the corn phase of corn-soybean 
(CS) and continuous corn (CC) plots receiving manure. 
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Figure 2-10. Correlations between N application rate and corn yield in the corn phase of corn-
soybean (CS) and continuous corn (CC) plots receiving manure. 
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Figure 2-11. Correlations between N application rate and cornstalk NO3-N in the corn phase of 
corn-soybean (CS) and continuous corn (CC) plots receiving manure. 
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Figure 2-12. Correlations between NO3-N concentrations in drainage water and cornstalk NO3-N 
in the corn phase of corn-soybean (CS) and continuous corn (CC) plots receiving manure. 
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Table 2-1. Experimental treatments for the 2008 through 2015 water quality study at the ISU 
Northeast Research Farm, Nashua, IA.  
Treatment Timing and 
source of N 
N Rate, 
kg ha-1 









Chisel plow corn fall 







Corn + Rye cover 











Chisel plow corn fall 









Chisel plow corn fall 
Field cultivate both spring 














Chisel plow fall  
Field cultivate spring 




Corn + Stover  removal 
Corn + Stover  removal 
Chisel plow fall  


























Table 2-2. Actual amounts of N, P, and K applied with manure by treatment for years 2008 
through 2015. 
Treatment 2008 2009 2010 2011 2012 2013 2014 2015 
2008-2015 
Avg. 
 Nitrogen from manure, kg N ha-1 
FM168 132 112 141 146 178 179 167 211 158 
FM168/112-Corn 141 122 139 142 171 195 174 215 162 
FM168/112-Soy 97 92 96 92 89 128 93 102 99 
FM168NT 142 110 141 169 172 178 173 226 164 
FM224CC 189 167 189 163 233 235 207 253 205 
FM224CC-S 182 170 187 200 213 231 212 250 206 
 Phosphorus from manure, kg P ha-1 
FM168 22 15 19 37 44 40 48 66 37 
FM168/112-Corn 22 17 19 37 43 40 49 68 37 
FM168/112-Soy 14 16 14 32 24 26 28 33 24 
FM168NT 26 17 21 40 43 38 48 74 38 
FM224CC 27 27 28 44 60 52 59 79 47 
FM224CC-S 28 25 26 46 60 52 62 80 47 
 Potassium from manure, kg K ha-1 
FM168 99 88 87 110 95 101 104 111 100 
FM168/112-Corn 99 100 87 115 94 99 110 116 102 
FM168/112-Soy 69 64 59 69 51 66 61 56 62 
FM168NT 107 86 91 117 95 100 105 125 103 
FM224CC 133 119 120 139 129 134 132 136 130 





Table 2-3. Growing season precipitation for the years 2008 through 2015 compared to the 1986 to 2015 average. 
 2008 2009 2010 2011 2012 2013 2014 2015 8 yr Avg. 30 yr Avg. 8 yr – 30 yr 
 Precipitation, cm 
Apr. 22.7 13.4 9.8 9.8 9.4 16.3 18.3 10.8 13.8 9.9 +3.9 
May 11.0 13.3 8.0 9.8 12.6 25.2 7.3 8.9 12.0 11.3 +0.7 
June 23.8 9.2 21.8 12.1 4.3 20.9 26.3 14.7 16.6 13.7 +2.9 
July 15.1 9.4 17.9 8.8 4.5 6.7 3.6 10.2 9.5 12.1 -2.6 
Aug. 3.6 9.5 7.7 11.7 8.1 8.4 9.7 11.8 8.8 11.1 -2.3 
Sept. 6.3 5.3 4.3 5.9 4.2 2.9 7.1 6.6 5.3 6.7 -1.4 
Oct. 6.6 16.2 1.1 3.9 10.4 3.7 6.4 4.1 6.6 6.3 +0.3 
Nov. 4.5 1.6 5.5 4.2 3.1 5.0 2.1 7.2 4.1 4.4 -0.3 






























(= Base 5° C) 
Rye biomass 










Corn 192 460 64.3a 4.18 0.60 2.69a 0.39a 
Soybean 205 631 55.9a 3.85 0.65 2.17a 0.37a 
2009 10/20/2008 
Corn 184 477 84.6a 4.16 0.42 3.49a 0.36a 
Soybean 206 804 152.5a 2.80 0.44 4.26a 0.67a 
2010 10/28/2009 
Corn 171 595 182.3a 4.89 0.39 9.00a 0.71a 
Soybean 186 823 165.9a 3.30 0.43 5.63a 0.76a 
2011 10/7/2010 
Corn 207 776 399.4b 4.02 0.51 16.03b 2.07a 
Soybean 209 795 1576.2a 2.41 0.33 37.64a 5.24b 
2012 10/18/2011 
Corn 173 759 1245.5b 3.87 - 47.86b - 
Soybean 173 759 2065.1a 3.38 - 69.14a - 
2013 9/27/2012 
Corn 213 686 731.9b 1.97 0.46 14.33b 3.40b 
Soybean 225 849 1359.2a 3.10 0.77 41.03a 10.42a 
2014 10/23/2013 
Corn 186 360 518.1a 2.31 0.19 11.95b 1.00b 
Soybean 197 456 574.6a 3.44 0.36 19.47a 2.00a 
2015 10/22/2014 
Corn 181 518 259.9a 3.72 0.50 9.70a 1.29a 




Corn 188 579 435.8a 3.64 0.44* 14.38a 1.32*a 
Soybean 198 704 780.5a 3.22 0.51* 23.69a 3.03*a 
Means with the same letter within each year and crop are not significantly different at P ≤ 0.05.  








Table 2-5. Corn stalk nitrate test results for years 2008 through 2015. 
 Corn-Soybean Rotation Continuous Corn 
Treatment SU168 SU168NT+R FM168 FM168/112 FM168NT FM224CC FM224CC-S 
  mg NO3-N kg-1 mg NO3-N kg-1 
2008 Corn 1800a 772a 1252a 1768a 1002a 1570a 1538a 
2009 Corn 1118a 555b 69cd 479bc 10d 123a 178a 
2010 Corn 263a 116b 25b 25b 16b 18b 34a 
2011 Corn 400a 90b 10b 151b 15b 10a 48a 
2012 Corn 2257a 1169b 1513b 2790a 362c 4480a 6790a 
2013 Corn 873a 586a 15b 18b 22b 15a 10a 
2014 Corn 1633a 1530a 147b 136b 21b 42a 144a 
2015 Corn 2568b 2415b 2382b 4085a 2408b 3625a 4337a 
2008-
2015 
Corn 1364a 904abc 677bc 1182ab 482c 1235a 1635a 
Means with the same letter within each year are not significantly different at P ≤ 0.05. Effects of treatments managed with corn-soybean rotations 














Table 2-6. Fall soil NO3-N test results at five depths.  
 Corn-Soybean Rotation Continuous Corn 
Treatment SU168 SU168NT+R FM168 FM168/112 FM168NT FM224CC FM224CC-S 
Year           Depth, cm mg NO3-N kg-1 soil mg NO3-N kg-1 soil 
2008 
0-15 15.0a 13.1a 13.2a 13.0a 14.5a 12.6a 11.4a 
15-30 8.7a 6.5a 6.8a 8.1a 7.1a 5.9a 6.7a 
30-60 4.3a 3.7a 4.2a 3.9a 4.0a 3.2a 3.3a 
60-90 2.3a 2.3a 4.0a 2.1a 2.6a 1.6a 1.9a 
90-120 1.7a 1.5a 1.9a 1.6a 2.3a 1.5a 1.8a 
2009 
0-15 4.2a 4.7a 6.0a 4.3a 6.3a 7.2a 4.0a 
15-30 3.7a 4.7a 3.8a 4.4a 4.7a 3.9a 3.8a 
30-60 2.7a 2.8a 3.0a 2.9a 2.8a 3.1a 2.3a 
60-90 3.2a 1.5a 1.6a 2.0a 1.6a 2.1a 1.2a 
90-120 1.1a 1.0a 1.2a 1.6a 1.6a 2.3a 0.6b 
2010 
0-15 13.7a 11.0a 13.7a 12.0a 14.6a 10.5a 12.7a 
15-30 4.2a 9.9a 5.6a 5.3a 6.2a 4.7a 5.7a 
30-60 2.5a 4.4a 2.5a 2.4a 2.8a 1.8a 3.2a 
60-90 1.3a 0.9a 1.4a 1.3a 1.2a 1.3a 1.1a 
90-120 1.4a 1.3a 2.4a 1.6a 1.6a 2.0a 1.3a 
2011 
0-15 18.3a 24.4a 16.8a 15.3a 21.4a 21.6a 10.4a 
15-30 15.6a 13a 8.2a 7.3a 6.5a 14.3a 6.2a 
30-60 6.8a 6.8a 4.6a 3.8a 3.5a 3.9a 2.4a 
60-90 2.2a 1.7a 1.9a 2.5a 2.0a 2.3a 1.5a 






0-15 10.8a 15.6a 17a 13.1a 11.8a 11.1a 13a 
15-30 5.5a 8.7a 7.3a 7.3a 7.0a 6.2a 6.3a 
30-60 3.5a 4.9a 4.7a 5.9a 4.5a 4.2a 3.0a 
60-90 1.6a 3.2a 2.2a 2.3a 2.0a 1.8a 1.3a 
90-120 3.4a 0.9a 1.2a 1.1a 0.8a 1.4a 0.6a 
2013 
0-15 8.3a 13.2a 10.7a 11.9a 9.3a 10.4a 7.1a 
15-30 3.5a 6.2a 4.2a 4.1a 4.2a 4.0a 3.5a 
30-60 1.4a 2.7a 1.8a 2.6a 2.5a 1.3a 1.3a 
60-90 0.8a 1.8a 1a 1.5a 1.3a 0.8a 0.8a 
90-120 0.8b 2.4a 0.8b 1.2b 1.9ab 0.5a 0.7a 
2014 
0-15 16.2a 17.4a 18.6a 24.7a 14.7a 20.5a 17.7a 
15-30 6.6a 10.0a 9.2a 8.3a 9.1a 10.2a 8.3a 
30-60 3.9a 4.9a 5.2a 4.6a 6.1a 5.2a 4.0a 
60-90 3.2a 3.1a 3.2a 3.5a 3.2a 3.3a 2.7a 
90-120 3.2a 3.1a 3.4a 3.6a 2.6a 2.6a 2.8a 
2015 
0-15 17.5c 20.6c 25.9ab 22.3cb 29.4a 25.8a 19.9b 
15-30 6.2a 9.8a 9.7a 9.7a 8.4a 10.2a 9.2a 
30-60 3.5a 4.8a 4.9a 5.3a 4.2a 5.7a 5.3a 
60-90 2.0b 1.7b 3.7ab 4.8a 2.9ab 3.7a 4.0a 
90-120 2.5a 1.5a 3.0a 3.3a 2.5a 3.5a 2.8a 
Means with the same letter within each year and depth are not significantly different at P ≤ 0.05. Effects of treatments managed with corn-soybean 









Table 2-7. Soil Bray-P test results at five depths in fall of 2007 and 2015.  
 Corn-Soybean Rotation Continuous Corn 
Treatment SU168 SU168NT+R FM168 FM168/112 FM168NT FM224CC FM224CC-S 
Depth, cm Year mg P kg-1 soil mg P kg-1 soil 
0-15 
2007 21.8b   21.3b 50.9a 20.1b 32.3b 89.0a 115.8a 
2015 13.8c ^ 14.0c ^ 36.3a 28.8ab ^ 23.7bc 124.7a ^ 109.7a 
15-30 
2007 4.6b 5.3b 12.1a 5.5b 11.8a 15.3a 45.2a 
2015 4.3b 4.5b 13.7a 7.7b ^ 8.0b 30.3a 36.7a 
30-60 
2007 3.7a 3.0a 3.7a 3.0a 3.0a 3.5a  5.7a 
2015 3.7a 3.2a 4.3a 3.7a 3.0a 6.3a ^ 6.0a 
60-90 
2007 4.8a 3.4a 3.4a 4.1a 2.4a 3.0a 6.3a 
2015 5.2a 3.5a 3.7a 4.7a 3.2a 4.0a 7.0a 
90-120 
2007 6.4a 6.0a 5.2a 5.2a 4.6a 3.5b 8.8a 
2015 6.3a 5.3a 5.5a 5.2a 5.0a 4.3a 7.0a 
Means with the same lowercase letter within each year and depth are not significantly different at P ≤ 0.05. Means with ^ indicate significant change 
within treatment and depth across years. Corn-soybean rotation plots were combined for the statistical analysis. Effects of treatments managed with 













Table 2-8. Subsurface drainage water depth for each treatment. 
 Corn-Soybean Rotation Continuous Corn 
Treatment SU168 SU168NT+R FM168 FM168/112 FM168NT FM224CC FM224CC-S 
  Drainage depth, cm Drainage depth, cm 
2008 
Corn 20.6a 18.7a 32.6a 22.2a 23.8a 25.5a 17.8a 
Soybean 13.4a 19.5a 19.2a 24.2a 28.3a - - 
2009 
Corn 6.2a 9.8a 6.4a 8.4a 13.7a 11.6a 9.9a 
Soybean 11.8a 18.3a 23.5a 15.8a 21.7a - - 
2010 
Corn 9.6a 19.3a 22.2a 11.2a 23.2a 15.8a 10.4a 
Soybean 9.9a 12.8a 13.1a 12.2a 20.5a - - 
2011 
Corn 4.9a 8.8a 6.0a 5.8a 14.4a 7.1a 7.5a 
Soybean 6.1a 14.4a 17.9a 7.5a 20.3a - - 
2012 
Corn 3.2a 6.6a 10.2a 3.5a 8.9a 4.7a 2.7a 
Soybean 2.9b 4.6b 3.7b 3.6b 9.6a - - 
2013 
Corn 14.1a 19.4a 17.2a 24.5a 27.2a 24.8a 16.3a 
Soybean 26.9a 26.4a 26.3a 21.3a 29.3a - - 
2014 
Corn 12.0a 14.9a 16.2a 11.2a 16.8a 14.0a 11.8a 
Soybean 11.2a 12.7a 11.7a 15.5a 19.9a - - 
2015 
Corn 7.0a 10.3a 7.8a 8.5a 15.4a 10.6a 8.3a 
Soybean 8.3a 13.8a 16.4a 6.9a 18.2a - - 
2008-
2015 
Corn 9.7c 13.5abc 14.8ab 11.9bc 17.9a 14.3a 10.6a 





10.5c 14.4b 15.7b 12.6bc 19.5a 14.3a 10.6a 
Means with the same letter within each year and crop are not significantly different at P ≤ 0.05. Effects of treatments managed with corn-soybean 






Table 2-9. Annual average flow weighted NO3-N concentrations in drainage water for each treatment. 
 Corn-Soybean Rotation Continuous Corn 
Treatment SU168 SU168NT+R FM168 FM168/112 FM168NT FM224CC FM224CC-S 
 mg N L-1 mg N L-1 
2008 
Corn 15.1bc 12.3c 17.7ab 20.3a 15.3bc 23.1a 23.0a 
Soybean 8.0b 8.6b 8.3b 14.2a 8.9b - -  
2009 
Corn 12.1bc 8.9c 19.9a 20.3a 15.8ab 20.9a 17.6a 
Soybean 9.5a 8.3a 10.3a 11.1a 8.3a - - 
2010 
Corn 12.3a 10.4a 12.8a 16.1a 12.8a 15.2a 16.0a 
Soybean 8.0b 4.4c 8.4b 14.0a 8.0b -  -  
2011 
Corn 17.8bc 9.2c 29.4a 27.7ab 20.9ab 22.3a 24.2a 
Soybean 13.8b 8.9c 12.4bc 18.2a 9.5c - - 
2012 
Corn 14.0bc 8.4c 22.3ab 32.1a 23.4ab 21.9a 19.4a 
Soybean 19.5a 7.4c 15.7b 20.1a 13.4b - - 
2013 
Corn 14.6c 7.7c 36.2a 38.3a 31.2b 36.6a 40.2a 
Soybean 23.3b 12.4c 12.2cd 34.3a 8.3d - - 
2014 
Corn 17.7c 15.3c 30.6b 39.9a 26.2b 23.9a 25.9a 
Soybean 11.5b 10.1b 8.6b 17.7a 8.7b - - 
2015 
Corn 14.7cd 10.8d 20.2ab 24.8a 19.2bc 21.1a 23.3a 
Soybean 16.0bc 16.3bc 20.4ab 25.8a 13.1c - - 
2008-
2015 
Corn 14.8c 10.4d 23.6b 27.4a 20.6b 23.1a 23.7a 





14.3c 10.0d 17.8b 23.4a 15.2bc 23.1a 23.7a 
Means with the same letter within each year and crop are not significantly different at P ≤ 0.05. Effects of treatments managed with corn-soybean 






Table 2-10. Eight-yr quarterly average flow weighted NO3-N concentrations in drainage water for each treatment.                    
 Corn-Soybean Rotation Continuous Corn 
Treatment SU168 SU168NT+R FM168 FM168/112 FM168NT FM224CC FM224CC-S 
  mg N L-1 mg N L-1 
08-15 
Q1 
Corn 6.2a 4.8a 11.0a 6.9a 10.5a 12.3a 13.7a 
Soybean 7.1b 7.3b 8.5b 11.6a 9.6ab - -  
08-15 
Q2 
Corn 14.1c 9.9d 23.3ab 27.0a 20.8b 23.0a 23.6a 
Soybean 14.3b 9.6c 11.8bc 19.6a 9.9c - - 
08-15 
Q3 
Corn 15.9c 12.4c 22.4ab 27.0a 21.5b 24.0a 23.8a 
Soybean 12.4b 9.1c 10.5bc 19.6a 9.6bc -  -  
08-15 
Q4 
Corn 10.4b 8.1b 12.3b 20.6a 14.3ab 18.6a 17.3a 
Soybean 8.6b 12.0b 15.2ab 18.8a 9.4b - - 
Means with the same letter within each quarter and crop are not significantly different at P ≤ 0.05. Effects of treatments managed with corn-soybean 
rotations or continuous corn were evaluated separately. Q1 = January through March, Q2 = April through June, Q3 = July through September, Q4 = 




















Table 2-11. Annual and 8-yr average NO3-N losses via drainage water from each treatment. 
 Corn-Soybean Rotation Continuous Corn 
Treatment SU168 SU168NT+R FM168 FM168/112 FM168NT FM224CC FM224CC-S 
  kg N ha-1 kg N ha-1 
2008 
Corn 30.9b 24.3b 53.5a 45.0ab 34.7ab 58.0a 40.9a 
Soybean 11.1b 18.1b 16.7b 34.5a 25.3ab - - 
2009 
Corn 7.4a 9.4a 13.6a 17.0a 23.0a 23.7a 17.0a 
Soybean 11.3a 15.6a 23.2a 14.9a 17.5a -  -  
2010 
Corn 12.0a 19.6a 25.5a 18.1a 28.0a 23.7a 16.8a 
Soybean 8.4a 6.5a 11.5a 17.0a 17.8a -  -  
2011 
Corn 8.6b 9.0b 17.9b 16.2b 33.4a 15.0a 17.9a 
Soybean 8.7a 13.2a 19.7a 13.5a 18.6a -  - 
2012 
Corn 4.6b 5.7b 18.7a 10.8ab 18.3a 9.9a 5.2b 
Soybean 5.8a 3.8a 5.8a 7.5a 13.0a - -  
2013 
Corn 20.6c 16.0c 63.2b 93.0a 83.9ab 89.2a 65.7a 
Soybean 62.9a 31.9b 30.1b 72.7a 24.0b - - 
2014 
Corn 21.1b 22.8b 46.2a 44.7a 42.7a 34.1a 30.4a 
Soybean 13.2b 13.2b 10.2b 27.5a 17.8ab - -  
2015 
Corn 9.8b 11.9b 15.9b 21.3ab 28.5a 21.9a 19.3a 
Soybean 13.2a 21.6a 29.5a 17.7a 22.8a -  -  
2008-
2015 
Corn 14.4b 14.8b 31.8a 33.3a 36.6a 34.4a 26.7a 





15.6b 15.2b 25.1a 29.5a 28.1a 34.4a 26.7a 
Means with the same letter within each year and crop are not significantly different at P ≤ 0.05. Effects of treatments managed with corn-soybean 






Table 2-12. Flow weighted average PO4-P concentrations in drainage water for each treatment. 
 Corn-Soybean Rotation Continuous Corn 
Treatment SU168 SU168NT+R FM168 FM168/112 FM168NT FM224CC FM224CC-S 
  µg P L-1 µg P L-1 
2008 
Corn 4b 17a 13a 9ab 9ab 73b 113a 
Soybean 11b 36ab 51a 17ab 21ab - - 
2009 
Corn * 6a 8a 4a 8a 6a 5a 
Soybean 1a 5a 2a 1a 5a - - 
2010 
Corn 4a 1a 5a 5a 6a 6a 5a 
Soybean * 8a 3a * 3a - - 
2011 
Corn * * * * * * * 
Soybean * * * * * - - 
2012 
Corn * * * * * * * 
Soybean * * * 25 * - - 
2013 
Corn 24ab 28ab 82a 10b 14b 28a 26a 
Soybean 9a 33a 30a * 21a - - 
2014 
Corn * * * * * * * 
Soybean * * * * * - - 
2015 
Corn * * 14 * * * 5 
Soybean * 5a 5a 5a 6a - - 
2008-
2015 
Corn 4a 7a 15a 4a 5a 14a 19a 





3a 9a 13a 5a 6a 14a 19a 
Means with the same letter within each year and crop are not significantly different at P ≤ 0.05. Effects of treatments managed with corn-soybean 
rotations or continuous corn were evaluated separately. 





Table 2-13. Annual and 8-yr average PO4-P losses via drainage water from each treatment. 
 Corn-Soybean Rotation Continuous Corn 
Treatment SU168 SU168NT+R FM168 FM168/112 FM168NT FM224CC FM224CC-S 
  g P ha-1 g P ha-1 
2008 
Corn 10b 19ab 44a 18ab 18ab 172a 191a 
Soybean 15a 45a 68a 37a 49a - - 
2009 
Corn * 7a 5a 4a 8a 7a 4a 
Soybean 4a 9a 11a 5a 11a - - 
2010 
Corn 4a 5a 12a 6a 10a 8a 5a 
Soybean * 8a 6a 6a 7a - - 
2011 
Corn * * * * * * * 
Soybean * * * * * - - 
2012 
Corn * * * * * * * 
Soybean * * * 12 * - - 
2013 
Corn 26b 42b 112a 23b 39b 62a 40a 
Soybean 25a 86a 91a 15a 58a - - 
2014 
Corn * * * * * * * 
Soybean * * * * * - - 
2015 
Corn * * 9 * * * 2 
Soybean * 12a 9ab 5ab 12a - - 
2008-
2015 
Corn 6b 9b 22a 6b 9b 31a 30a 





5b 15ab 23a 8b 13ab 31a 30a 
Means with the same letter within each year and crop are not significantly different at P ≤ 0.05. Effects of treatments managed with corn-soybean 






Table 2-14. Corn and soybean yields for years 2008 through 2015. 
 Corn-Soybean Rotation Continuous Corn 
Treatment SU168 SU168NT+R FM168 FM168/112 FM168NT FM224CC FM224CC-S 
  Mg ha-1 
2008 
Corn 11.76a 10.65b 8.84c 8.88c 7.77d 6.49e 5.94e 
Soybean 4.04c 3.42d 4.23a 4.20ab 4.07bc - - 
2009 
Corn 14.02a 11.96d 12.89bc 13.38ab 11.68de 10.96e 12.28e 
Soybean 3.71c 3.52d 4.30a 4.34a 4.14b - - 
2010 
Corn 12.13a 9.80c 11.85a 12.27a 9.60c 10.09c 11.15b 
Soybean 4.29a 3.65b 4.48a 4.56a 4.44a - - 
2011 
Corn 13.63a 11.41d 13.19ab 13.70a 12.53b 11.68cd 12.38bc 
Soybean 4.30b 4.12b 4.59a 4.68a 4.55a - - 
2012 
Corn 9.87bc 8.23d 11.00a 9.59c 10.86a 10.84a 10.51ab 
Soybean 3.50cd 3.34d 3.71bc 3.89b 4.21a - - 
2013 
Corn 13.69a 11.96b 10.89c 11.32bc 9.98d 9.57d 11.11bc 
Soybean 4.18b 4.03b 3.90b 4.18b 4.56a - - 
2014 
Corn 10.76ab 9.61c 10.77ab 11.62a 9.94bc 9.52cd 8.60d 
Soybean 3.47b 3.34b 4.79a 4.81a 4.86a - - 
2015 
Corn 13.42c 12.52d 15.02a 14.77ab 14.70ab 14.38b 14.55ab 
Soybean 4.32b 3.99c 4.70a 4.35b 4.66a - - 
2008-
2015 
Corn 12.41a 10.77b 11.81a 11.94a 10.88b 10.44b 10.81b 
Soybean 3.97b 3.68c 4.34a 4.38a 4.44a - - 








Table 2-15. Eight-yr average partial N balance for the years 2008 through 2015. 
 Corn-Soybean Rotation Continuous Corn 
Treatment SU168 SU168NT+R FM168 FM168/112 FM168NT FM224CC FM224CC-S 
 kg N ha-1 
+N applied 88 88 79 131 82 205 206 
+N fixation soybeans (est) 80 75 90 81 92 - - 
-N in grain (corn) 63.8 54.6 57.3 59.1 51.8 104.4 104.8 
-N in grain (soybeans) 99.1 93.2 110.9 112.3 113.7 - - 
-N in stover - - - - - - 17 
-N in drainage water 15.6 15.2 25.1 29.5 28.1 34.4 26.7 
Total N removal 178.5 163.0 193.3 200.9 193.6 138.8 148.5 
Annual avg. partial N 
balance  
-11 0 -24 11 -20 66 58 
 
Table 2-16. Eight-yr average P balance for the years 2008 through 2015. 
 Corn-Soybean Rotation Continuous Corn 
Treatment SU168 SU168NT+R FM168 FM168/112 FM168NT FM224CC FM224CC-S 
 kg P ha-1 
+P applied (kg ha-1) 10 10 18 31 19 47 47 
-P in grain (corn) 14.3 12.4 13.9 14.4 13.0 25.4 25.9 
-P in grain (soybeans) 9.6 9.0 10.6 10.1 10.8 - - 
-P in stover - - - - - - 4 
-P in drainage water ns ns ns ns ns ns ns 
Total P removal 23.9 21.4 24.5 24.5 23.8 25.4 29.9 
Annual avg. P balance -13.9 -11.4 -6.5 6.5 -4.8 21.6 17.1 
ns = not significant 
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CHAPTER 3.    EVALUATING THE IMPACT OF MANURE APPLICATION TIMING 
AND COVER CROPS ON DRAINAGE WATER QUALITY  
Brian Dougherty, Antonio P. Mallarino, Daniel S. Andersen, and Matthew J. Helmers 
Abstract 
Agricultural nutrient management practices are an important component of the effort to 
improve water quality in the Mississippi River Basin. Optimizing the use of fertilizers and animal 
manures in combination with other management practices has the potential to minimize negative 
impacts on water quality. The objectives of this study are to evaluate the effects of liquid swine 
manure application timing, crop rotation, cereal rye (Secale cereale) cover crops, and a 
nitrification inhibitor on grain yields and on nitrate-N (NO3-N) and dissolved P (PO4-P) losses via 
subsurface drainage. The study was evaluated in 2016 and 2017 using thirty-six 0.4 ha plots 
outfitted with a subsurface drainage water quality monitoring system.  
Results show that early fall applied swine manure (EFM) with a rye cover crop resulted in 
significantly lower 2-yr average NO3-N concentrations and losses compared to EFM without a 
cover crop in a corn (Zea mays L.) - soybean (Glycine max (L.) Merr.) rotation. Corn-soybean 
(CS) rotations with spring application of urea ammonium nitrate (UAN) had significantly lower 
2-yr average N losses compared to treatments receiving EFM or LFM. Average cereal rye N uptake 
was significantly greater in plots receiving EFM application prior to corn (88 kg N ha-1) compared 
with plots receiving no manure prior to soybeans (51 kg N ha-1). There were no significant 
differences in 2-yr average NO3-N concentrations or losses in continuous corn (CC) treatments 
receiving either LFM or spring manure (SM). Drainage P concentrations were low (< 10 to 29 µg 
P L-1) in both years and neither concentrations nor losses (< 10 to 72 g P ha-1) were affected by 
any of the treatments. 
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Yields in CC were significantly higher with SM compared to LFM. In CS rotations, 2-yr 
average corn yields were greatest with spring-applied UAN > LFM without cover crop > EFM 
without cover crop = EFM with cover crop. Soybean yields were lowest in the EFM with cover 
crop treatment. In this study, delaying manure application until late fall rather than early fall, or 
spring rather than late fall, resulted in an economic advantage due to higher corn yields. The results 
also suggest that the rye cover crop was effective for improving water quality and capturing N 
from manure. 
Introduction 
Agricultural nutrient management practices are an important component of various 
attempts to improve water quality in the Mississippi River Basin. These practices are intended to 
improve crop uptake of nutrients and reduce nutrient losses from agricultural lands.  Subsurface 
drainage systems are one pathway that has been identified as a contributor to nutrient export from 
agricultural fields (Fausey et al., 1995).  Subsurface drainage can enable timely field activities and 
improve crop productivity by draining excess moisture from the soil. In general, subsurface 
drainage systems also reduce surface runoff of water which may contain higher levels of sediment, 
nutrients, and agricultural chemicals.  However, an increase in nitrate-nitrogen (NO3-N) leaching 
can occur with drainage (Gilliam et al., 1999). Nitrogen from fertilizer, manure, or derived from 
soil organic matter, can be carried with the excess water in quantities that may impair downstream 
water quality. The loss of N from agricultural fields via subsurface drainage has been implicated 
as a contributor to the hypoxic zone in the Gulf of Mexico (Rabalais et al., 1996; Mitsch et al., 
2001).  
The timing of N applications may affect both nutrient availability for crops and nutrient 
losses via subsurface drainage. Some research studies found that spring application of N resulted 
in lower NO3-N losses than fall application (Randall et al., 2003; Vetsch and Randall, 2004; van 
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Es et al., 2006). Other research found no difference between fall and spring N application. Lawlor 
et al. (2011) reported no difference in flow-weighted NO3-N concentrations between fall and 
spring applications of aqua-ammonia applied at 168 kg N ha-1 or liquid swine manure at 218 kg N 
ha-1, and higher NO3-N concentrations with spring application of aqua-ammonia at 252 kg N ha
-1. 
A meta-analysis of over 250 site-years of drainage data found no significant differences in 
dissolved N losses between out of season (> 2 mo. before planting), pre-plant (2 mo. to 1 wk. 
before planting), at planting (within 1 wk.) or after planting (> 1 wk.) N applications (Christianson 
and Harmel, 2015).  
Research has shown that using livestock manure as a substitute for synthetic fertilizers can 
improve crop productivity, increase soil carbon storage, and reduce N losses (Xia et al., 2017).  
However, livestock producers often find it difficult to apply manure when conditions are optimal 
for reducing nutrient losses. It is generally recommended that manure be applied in the spring to 
optimize N use (Hansen et al., 2004). Fall dairy manure application in a continuous corn (CC) (Zea 
mays L.) system has been shown to have a high risk for NO3-N leaching relative to a grass crop, 
especially in sandy soils (van Es et al., 2006). The authors found a consistent pattern of highest 
NO3-N concentrations with early fall manure application, followed by late fall, and then early to 
late spring with the lowest concentrations. Colder soils and slower N mineralization rates likely 
lead to less overall N leaching with late fall manure application relative to early fall. A two-year 
study by Gupta et al., (2004) found N leaching rates of 52, 38, and 28 kg N ha-1 yr-1 from fall-
applied, winter-applied, and no-manure treatments, respectively. Factors other than application 
timing, such as soil type, temperatures, and precipitation timing and amount may have a more 
significant effect on N losses in drainage water. However, these factors cannot be easily managed. 
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Based on all of this, there is still a need to examine trade-offs between application timing, nutrient 
losses, and yields. 
The use of cover crops is another nutrient management practice that can help prevent 
nutrient losses. Cover crops have the potential to change the N input and water and N consumption 
patterns, thus affecting NO3-N loss via drainage water. Cereal rye (Secale cereale) is one of the 
main annual winter cover crops in the Midwestern U.S. It has excellent weather hardiness and the 
ability to grow on soils with marginal fertility (Bushuk, 2001). Rye requires less heat than wheat 
(Tritcum Aestivum L.) and it can germinate at temperatures slightly above 0 ºC, with growth 
occurring at temperatures above 5 ºC (Leonard and Martin, 1963). Total N uptake by rye in spring 
has been reported to be 9-60 kg N ha-1 in Nebraska, 21-74 kg N ha-1 in Minnesota, 9-34 kg N ha-1 
in Wisconsin, and 35-51 kg N ha-1 in Illinois (Kessavalou and Walters, 1999; Ruffo et al., 2004; 
Andraski and Bundy, 2005; De Bruin et al., 2005). Kaspar et al. (2007) reported rye N uptake of 
48 kg N ha-1 with rye terminated in late April and early May in Iowa. There are conflicting results 
on the impact of a cover crop on the yield of the main crop, with some studies reporting a reduction 
of 5 to 22% (Mcdonald et al., 2008), some an increased corn yield (Andraski and Bundy, 2005), 
and most no significant difference (Ritter et al., 1998; Strock et al., 2004; De Bruin et al., 2005). 
Research has shown reductions of drainage and NO3-N leaching by winter rye cover crop 
in a controlled indoor environment (Logsdon et al., 2002; Parkin et al., 2006). Reduction of 
drainage and soil water content in rye was also observed in a field study using confined non-
weighing lysimeters (Qi and Helmers, 2010). In field studies on a plot-scale, Strock et al. (2004) 
found that drainage and NO3-N loss in a rye treatment was reduced by 11% and 13%, respectively. 
Kasper et al. (2007) reported that the difference was not significant between cumulative drainage 
in rye and control treatments, but the rye cover crop decreased the flow-weighted average NO3-N 
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concentration by 59% and overall N loss by 61%. Of note from this study is that N application 
rates to corn were 235 and 246 kg N ha-1, which are above the Iowa recommended N application 
rates of 112 to 165 kg N ha-1 to corn in a corn-soybean (CS) rotation (Blackmer et al., 1997).  Qi 
et al. (2011) found that rye cover crops had no significant effect on subsurface drainage flows or 
overall N losses, but reduced NO3-N concentrations during certain periods of the growing season. 
Given the uncertainty and variability in research results thus far, there is a need for further 
investigations on the impacts of a winter rye cover crop on NO3-N loss through drainage systems.  
The use of nitrification inhibitors is a possible mechanism for reducing NO3-N leaching. 
Nitrification inhibitors work by temporarily blocking the conversion of ammonium (NH4-N), 
which is more stable in the soil profile, to NO3-N, which is readily leached from the profile. In an 
8-yr study in southern Minnesota, including nitrapyrin with anhydrous ammonia reduced N losses 
by 13 to 18% depending upon timing of application (Randall et al., 2003). Research from central 
IA found no significant difference in NO3-N concentrations or losses with either fall or spring 
applied aqueous ammonia fertilizer with nitrapyrin included (Lawlor et al., 2004). Timing of 
application of the inhibitor and subsequent weather conditions are significant factors in 
determining whether there are agronomic benefits from the practice (Laboski, 2017). Research 
results have been variable, with some research finding no yield increase (Barker et al., 2014; 
Sassman, 2014).  
The purpose of this study was to evaluate the drainage water quality impacts of various 
cropping and nutrient management practices. Specific objectives are to evaluate the concentrations 
of NO3-N in subsurface drainage water and subsequent crop yields resulting from (i) early fall, 
late fall, and spring applications of swine manure, (ii) inclusion of a rye cover crop, and (iii) use 
of a nitrification inhibitor. Results from this study can be used to develop recommendations for 
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nutrient management practices that have the potential to reduce leaching losses to shallow 
groundwater.  
Materials and Methods 
 Site Description 
Experimental data was collected at the Iowa State University Northeast Research and 
Demonstration Farm near Nashua, IA. The soils at the site include Floyd loam (fine-loamy, mixed, 
mesic Aquic Hapludolls), Kenyon loam (fine-loamy, mixed, mesic Typic Hapludolls), and 
Readlyn loam (fine-loamy, mixed, mesic Aquic Hapludolls) (Kanwar et al., 1997). The Kenyon 
soil is classified as moderately well drained whereas the Floyd and Readlyn soils are moderately 
poorly drained. These soils, particularly Floyd and Readlyn, have a seasonally high water table 
and benefit from subsurface drainage. Subsurface drains were installed in thirty-six 0.4 ha plots 
(70 m x 57 m) in 1979, several years prior to the study. Each of the plots was drained separately 
via subsurface drain lines installed in the center of each plot at a depth of 1.2 m below the ground 
surface with a drain spacing of 28.5 m. Subsurface drainage cross-flow from one plot to another 
was minimized by installing drainage lines between plot borders and isolating the plots with berms 
(Kanwar et al., 1999). In 1988, the central subsurface drainage lines were intercepted at the 
downslope end of the plots, and were connected to individual sumps for measuring drainage 
effluent and collecting water samples for chemical analysis. The sumps were equipped with a 110-
volt effluent pump, water flow meter, and an orifice tube located on the discharge pipe of the sump 
pump. Approximately 0.2% of the water pumped from the sump flowed through the 5-mm 
diameter polyethylene orifice tube to a water sampling bottle located in the collection sump each 
time the pump emptied the sump water. A more detailed description of the subsurface drainage 
system can be found in Kanwar et al. (1999).  
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Experimental Design and Treatments 
The experiment was established in 2015 using a randomized complete block design with 
eight different treatments and three replications (blocks). Treatment details are shown in 
Table 3-1. Treatment abbreviations are: EFM = Early Fall Manure, LFM = Late Fall 
Manure, SM = Spring Manure, SU = Spring UAN, NT = No-Till, +G = Gypsum application, +I = 
Instinct® II (nitrapyrin) nitrification inhibitor, and +R = Rye cover crop. The target N application 
rate in kg N ha-1 for each treatment is also given in the abbreviation. Four of the treatments were 
planted to CC, with three replicates each of LFM224, LFM224+G, LFM224+I, and SM224. All 
other treatments were managed with a CS rotation with both crops of the rotation present each 
year. For treatments managed with tillage, the plots with corn residue were chisel plowed in the 
fall after corn harvest and all corn and soybean plots were field cultivated in the spring before 
planting the crops.  
Liquid swine manure was obtained from a growing-finishing swine facility. Manure 
application rates were estimated with an initial sampling from the manure pit and the actual N, P, 
and K application rates were determined with manure samples taken from the agitated manure 
application tank the day the manure was applied. The manure was applied via injection with 76 
cm spacing to a depth of approximately 15 cm. Table 3-2 shows the amount of N, P, and K applied 
with manure by year for all manure treatments. Early fall manure was applied as soon as was 
feasible after fall soybean harvest. Late fall manure was applied after soils had cooled to below 
10°C. The Instinct® II nitrification inhibitor used in FM224+I was blended into the manure with 
the manure tanker agitation pump and applied at a rate of 5.1 L ha-1. Spring manure was applied 
when conditions were suitable prior to planting. The SU168 treatment received spring applications 
of 32% urea ammonium nitrate solution (UAN) at a target rate of 168 kg N ha-1 approximately 
three weeks after corn was planted. The UAN was injected to a depth of approximately 15 cm 
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behind a fluted coulter blade in the center of every second row of corn (152 cm spacing). The 
FM224+G treatment received a single application of gypsum (23% Ca, 17% S) at 2.3 Mg ha-1 in 
the fall of 2015. Corn was planted with a row spacing of 750 mm at a population of approximately 
86,600 seeds ha-1. Soybeans were drill seeded in 200 mm rows at a population of approximately 
494,000 seeds ha-1. Elbon variety cereal rye was drill seeded immediately after harvest in 200 mm 
rows at a rate of approximately 90 kg ha-1.  
Soil, Plant, and Drainage Sampling 
Cumulative subsurface drain flows were recorded and sampling bottles were removed for 
nutrient analysis once per week from late February or early March to the beginning of December 
during the study period. The drainage water samples were analyzed for NO3-N and orthophosphate 
dissolved P (PO4-P) with a Seal Analytical AQ2 Discrete Analyzer (Mequon, WI). The minimum 
standard for NO3-N was 0.012 mg N L
-1 with a detection limit of 0.003 mg N L-1. For PO4-P the 
minimum standard and detection limits were 0.01 and 0.002 mg P L-1, respectively. Samples were 
stored at 4˚C prior to analyses and were not filtered since no turbidity was observed.  
In corn plots, soil was sampled each spring when plants were between 15 and 30 cm in 
height for a Late-Spring Soil Nitrate Test (Sawyer and Mallarino, 2017). Samples were taken at 0 
to 15 cm and 15 to 30 cm depths. Cereal rye was sampled to quantify dry biomass and total N, P, 
and K in aboveground plant material each spring prior to termination with glyphosate. Sampling 
took place in four random 0.5 m2 locations in each rye plot, with four samples taken between the 
manure injection band and four samples directly over the manure injection band. Grain yields were 
determined by averaging three yield check strips from each plot. Grain yields were adjusted to a 
moisture content of 15% for corn and 13% for soybeans. Grain, corn stover, and cereal rye plant 
samples were analyzed for total N, P, and K on a mass basis (Zarcinas et al., 1987). 
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Data Management and Statistical Analysis 
Subsurface drainage flow in depth units for each replicate was calculated by dividing total 
flow volume by drainage area. The annual NO3-N and PO4-P loss via subsurface drainage water 
in kg ha-1 was calculated by multiplying the concentrations in mg L-1 with the drainage flow depth 
in cm and dividing it by 10 for each interval of sampling. Quarterly and annual flow-weighted 
NO3-N and PO4-P concentrations were calculated by multiplying the total N loss from each 
replicate for a given period by 10 and dividing by total drainage depth (cm) from that same period. 
In the CS rotations, data from the three replicates of each crop and treatment were averaged to 
determine the overall value for each crop, and data from all six plots were averaged to determine 
the overall treatment effect for the rotation. Statistical analysis was done with SAS™ software 
version 9.4 (SAS Institute, 2015). All statistical comparisons were done using PROC GLM 
assuming fixed block and treatment effects. Comparisons among treatments were tested at 5% 
significance level using the Least Significant Difference (LSD) method only when the treatments 
main effect was significant at P ≤ 0.05.  
Results and Discussion 
Precipitation and Drainage Flow 
Table 3-3 gives the monthly precipitation for the 2016 and 2017 growing seasons as well 
as the 30-yr average (1986 through 2015) for comparison. Total growing season precipitation in 
2016 was a record high at the Nashua location and was much greater than the 30-yr average. June 
and September 2016 were unusually wet compared to the historical average. Total growing season 
precipitation for 2017 was very close to the 30-yr average, with July and October being wetter than 
normal and August and November being drier than normal.Table 3-4 shows the drainage flow 
depths for 2016 and 2017. There were no statistically significant differences between treatments 
due to high plot-to-plot variability in drainage flow depths within treatments. A comparison of 
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observed precipitation, 30-yr average precipitation, and drainage depth from October 2015 through 
December 2017 is shown in Figure 3-1.  
Cereal Rye Biomass  
Cereal rye cover crop aboveground biomass, N, P, and K uptake, and planting and sampling 
dates for 2016 and 2017 are shown in Table 3-5. In 2016, soybean residue plots were planted to 
rye 14 days earlier and sampled 11 days earlier than the corn residue plots. In 2017, rye seeding 
and termination dates were the same for both rotations. Rye biomass and uptake of N, P, and K 
was significantly greater in the manure injection bands compared to between the injection bands 
in both years (statistics not shown). When comparing average rye biomass across the injection 
band width in soybean residue to rye biomass in corn residue, there was no significant difference 
in either year. Two-year average rye N content in aboveground biomass was significantly greater 
in soybean residue plots with fall manure application (88 kg N ha-1) compared to corn residue plots 
with no manure (51 kg N ha-1), suggesting that the rye cover crop was effective at capturing N 
from manure. These results are similar to N uptake found by Singer et al. (2008), where N uptake 
ranged from 35.6 kg ha-1 in a no manure treatment to 69.3 kg ha-1 where swine manure was fall-
applied at 336 kg N ha-1 prior to a corn crop. Thilakarathna et al. (2015) also reported a 50 to 130% 
increase in non-legume cover crop biomass with fall-applied swine manure.  
Late Spring Soil Nitrate Test 
Table 3-6 shows the results from the Late-Spring Soil Nitrate Test (LSNT) performed in 
June of 2016 and 2017. In 2016, there were no significant differences in LSNT concentrations in 
the 0 to 30 cm or 30 to 60 cm depth ranges in the CS rotation treatments. In the CC treatments, 
SM224 had significantly higher LSNT concentrations compared to LFM224+G. In 2017, SU168 
had significantly higher LSNT concentrations than all of the FM CS rotation treatments at the 0-
30 cm depth. This result is likely due to the LSNT sampling occurring only nine days after spoke 
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injection of UAN. The SM224 treatment had significantly higher LSNT concentrations compared 
all of the FM CC treatments at 0-30 cm depth. There were no significant differences between 
EFM168NT, EFM168NT+R and LFM168NT in either year, suggesting that neither manure 
application timing nor the rye cover crop had a significant impact on LSNT concentrations. 
Similarly, there was no significant difference between LFM224 and LFM224+I in either year, 
indicating that the nitrification inhibitor had minimal impact on LSNT concentrations. 
Nitrate-N Loss with Drainage 
Flow-weighted quarterly average NO3-N concentrations (FWQNC) in drainage water for 
2016 and 2017 are shown in Table 3-7. The abbreviations Q1 through Q4 represent the periods 
January through March, April through June, July through September, and October through 
December, respectively. In the 2016 corn phase of CS rotations, EFM168NT had significantly 
higher FWQNC in Q2 compared to the other treatments. In soybeans, EFM168NT+R had the 
lowest FWQNC in Q2, Q3, and Q4. There were minimal differences in FWQNC in CC treatments. 
In 2017, quarterly results from the corn phase of CS rotations show that the EFM168NT treatment 
had the highest FWQNC in Q1 and Q2. In the soybean phase, EFM168NT+R had the lowest 
FWQNC in Q1, Q2, and Q3. In CC, SM224 had significantly lower FWQNC in Q2 than any of 
the LFM224 treatments. 
In the CS rotations, all manure was applied to soybean residue plots on or after September 
30. Losses would show up in Q4 drainage if N leaching is occurring directly after manure 
application. Leaching losses were minimal (< 3.5 kg N ha-1) and NO3-N concentrations were 
similar in Q4 soybean plots in all treatments in 2016 and 2017, indicating that most drainage N 
losses occurred the year after fall manure application. However, there was considerable N loss 
from Q4 soybean plots in 2015 (not shown), with EFMNT168 losing 16.3 kg N ha-1 (22.7 mg N 
L-1), EFM168NT+R losing 8.4 kg N ha-1 (17.2 mg N L-1) and LFM168NT losing 8.3 kg N ha-1 
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(13.4 mg N L-1). This is due to precipitation and drainage being greater in the fall of 2015 compared 
to fall of 2016 or 2017 (Figure 3-1). These results underscore the importance of precipitation as a 
driver of the timing and overall amount of N loss via leaching.   
Flow-weighted annual average NO3-N concentrations (FWANC), rotation average, and 2-
yr average NO3-N concentrations for 2016 and 2017 are shown in Table 3-8. Monthly average 
flow-weighted NO3-N concentrations for corn phase, soybean phase, and CC are shown in Figures 
3-2, 3-3, and 3-4, respectively. Comparing FWANC between treatments in 2016, the 
EFM168NT+R treatment had a statistically significant reduction compared to EFM168NT. There 
was no significant difference in FWANC between LFM224 and SM224 in CC. Early fall manure 
application in EFM168NT resulted in higher FWANC compared to LFM168NT in corn but not 
soybeans. This result could be expected since prior to 2016 these treatments both received late fall 
manure and the early fall manure was first applied prior to the 2016 corn crop. In CC, the 
nitrification inhibitor did not reduce FWANC compared with no inhibitor and the gypsum 
application did not reduce FWANC compared with no gypsum. 
In 2017 CS rotations, the EFM168NT treatment had a significantly higher FWANC in corn 
than LFM168NT, which in turn had significantly higher FWANC than the EFM168NT+R 
treatment. There were no significant differences in FWANC between treatments in soybeans. In 
CC plots, the SM224 had a significantly lower FWANC than any of the FM224 treatments, 
suggesting that spring application of manure may be a beneficial strategy for reducing NO3-N 
concentrations in drainage water. The nitrification inhibitor did not reduce NO3-N concentrations 
compared to no inhibitor. The gypsum application did not reduce NO3-N concentrations compared 
with no gypsum. In soybeans, EFM168NT+R had significantly lower FWANC than was observed 
in any of the no cover crop treatments. Comparing FWANC between FM168 treatments shows 
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that the cover crop was effective in reducing NO3-N concentrations and overall N losses to 
drainage water. This continues the pattern of reduced N leaching with cover crops seen over eight 
years of prior research at this site, as well as in other studies (Kaspar et al., 2007; Qi and Helmers, 
2008; Plaza-Bonilla et al., 2015; Waring, 2016).  
Total N losses in kg N ha-1 from each treatment are reported in Table 3-9. There was a 
trend towards greater N losses from the EFM168NT and LFM168NT treatments, and lesser losses 
from the EFM168NT+R and SU168 treatments. Differences between treatments were more 
pronounced in 2016, when total precipitation was greater. Although 2-yr average N losses were 
reduced by approximately 44% when comparing EFM168NT+R to EFM168NT, the differences 
were not statistically significant within crop due to large plot-to-plot variation within treatments. 
The rye cover crop did result in a statistically significant reduction in overall N loss when 
comparing the overall treatment effect from both phases of the crop rotation. There were no 
significant differences in N loss in the CC treatments in either year.  
Cumulative N losses from corn phase, soybean phase, and CC rotations are shown in 
Figures 3-5, 3-6, and 3-7, respectively. The pattern of N losses was affected by the interaction of 
precipitation patterns with manure application timing in this study. Precipitation was substantially 
above average in 2016, leading to much greater than normal drainage, and losses of over 80 kg N 
ha-1 in the EFM168NT treatment. Drainage depth across all treatments averaged 11.4 cm from 
2001 to 2015. In 2016, drainage depth averaged 35.3 cm, thus increasing the likelihood that NO3-
N would leach through the profile before plant uptake could occur. Concentrations of NO3-N were 
similar in both years, but overall N losses were much higher in 2016. Drainage depth does not 
appear to have a major influence on NO3-N concentrations, but is correlated to overall N loss.   
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It is important to note that fall swine manure was applied at inconsistent N rates among 
treatments and years (Table 3-2), which could add to the variation in NO3-N concentrations and N 
losses. In 2016, manure-applied N was substantially less than the target rate for LFM224+I and 
SM224, and substantially above the target rate for all other treatments. Manure-applied N also 
exceeded the target rate for all LFM and SM treatments in 2017. The 2-yr average N rate from 
manure was above the target for all treatments except SM224. On average, the LFM168NT 
treatment received an additional 22 kg N ha-1 yr-1 compared to EFM168NT, which may partially 
explain the lack of significant differences in N loss between the two treatments. The LFM224 
treatment also received an additional 22 kg N ha-1 yr-1 compared to LFM224+I, which adds 
uncertainty when making inferences about the effect of the nitrification inhibitor.   
Comparing FWANC between EFM168NT and EFM168NT+R treatments shows that the 
cover crop was effective in reducing both NO3-N concentrations and overall N losses. Cover crops 
have been shown to immobilize N and reduce mineral N levels in soil (Thilakarathna et al., 2015), 
leading to less NO3-N leaching during the periods of high subsurface flow (Salmerón et al., 2010).  
This can be particularly effective for reducing NO3-N leaching during periods of no N uptake by 
the cash crop, and is the likely mechanism behind reduced NO3-N concentrations observed in this 
study.  
Dissolved P Concentrations and Losses 
In 2016, annual average dissolved P (PO4-P) concentrations ranged from < 10 to 27 µg P 
L-1 and overall losses ranged from < 10 to 72 g P ha-1. In 2017 concentrations ranged from < 10 to 
29 µg P L-1 and losses ranged from < 10 to 24 g P ha-1. There were no statistically significant 
differences between treatments in PO4-P concentrations or losses in either year (not shown). These 
results suggest that neither crop rotation, N management, nor gypsum application had a significant 




Table 3-10 shows the treatment effects on grain yield for 2016 and 2017, as well as 2-yr 
average yields. In 2016, LFM168NT had a significantly greater yield of both corn and soybeans 
than EFM168NT. No manure is applied prior to soybeans, so the soybean yield difference is likely 
be due to factors other than timing of manure application in the corn phase. The EFM168NT 
treatment had a greater yield of both corn and soybeans than EFM168NT+R. The highest average 
corn yield was in the SU168 treatment. It should be noted that the fall of 2015 was wetter than 
average, as was June of 2016. Early fall manure application may have been impacted more than 
late fall application by precipitation and subsequent nutrient leaching than in years with average 
rainfall. In CC, SM224 had a significantly higher corn yield compared to any of the LFM 
treatments. Late fall manure with the Instinct nitrification inhibitor had higher yield than LFM 
with no inhibitor. However, LFM224+I was in transition from a CS rotation to CC so there may 
have been a rotation effect from the 2015 soybean crop. There was no difference in corn yield with 
the gypsum application compared to no gypsum. Soybean yields for 2016 are reported in Table 3-
10, but the plots were transitioning to new N management in the CS rotation at that time so there 
is additional uncertainty in attributing yield differences to treatment effects.  
In 2017, LFM168NT had a significantly greater corn yield than EFM168NT. There was no 
significant difference between EFM168NT and EFM168NT+R. The highest average corn yield 
was achieved with SU168. In CC, SM224 had a significantly higher corn yield compared to any 
of the LFM treatments. Late fall manure with Instinct nitrification inhibitor had a significantly 
greater yield than LFM with no inhibitor. There was no difference in corn yield with the gypsum 
application compared to no gypsum. In 2017 soybeans, EFM168NT and SU168 had statistically 
greater yields than EFM168NT+R and LFM168NT. It is unclear what led to the yield differences 
in soybeans, but differences were small and may have been due to factors other than treatment 
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effects. As mentioned previously, it is important to keep in mind the inconsistent N application 
rates among treatments and years, which could affect yields. There was a substantially lower 
average rate of manure-applied N in the SM224 treatment (211 kg N ha-1 yr-1) compared to 
LFM224 (250 kg N ha-1 yr-1), yet corn yield was still significantly greater with spring-applied 
manure. The LFM168NT treatment also received approximately 20 kg ha-1 yr-1 more N compared 
to the EFM168NT treatments, which may explain a portion of the yield differences between EFM 
and LFM. 
Cereal rye cover crops have proven to be an effective tool for reducing NO3-N losses via 
subsurface drainage systems in the Midwestern Corn Belt, but yield effects need to be taken into 
consideration when using a cover crop. Singer et al. (2008) found no significant impact on corn 
yield when a cereal rye and oat cover crop was used in conjunction with fall manure injection. The 
authors concluded that cover crops could increase nutrient capture with no adverse yield effects. 
However, our research site has a history of significant yield reductions with the rye cover crop, 
particularly with corn but also with soybeans in some years. This trend continued in 2016, with 
both corn and soybeans having significant yield reductions in the cover crop treatment. The 
soybean yield reduction continued in 2017, but there was no yield reduction with a cover crop 
prior to corn. Other studies have seen a corn yield risk from cover crops (Johnson et al., 1998; 
Pantoja, 2013; Sawyer et al., 2017), but it has been unusual to see a yield loss in soybeans. The 
potential yield drag with cover crops at this site is an aspect that will continue to be monitored in 
the future.     
The economics of fall vs. spring manure application is a research question that should be 
further explored with this and other research trials. There was a very significant yield increase in 
CC yield with spring manure compared to fall manure application, even with a substantially lower 
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rate of manure-applied N in the SM224 treatment. While application in the spring presents 
logistical challenges and potential for compaction if soils are wet, yield data suggests that the 
economic benefit might justify moving to a spring pre-plant or side-dress manure application 
system where feasible. Coupling a CC system with a cover crop under different manure application 
timing scenarios is another area that warrants research.    
Conclusions 
Results from the 2016 and 2017 crop years show that early fall applied swine manure  with 
a rye cover crop resulted in significantly lower 2-yr average NO3-N concentrations and overall 
losses in drainage water compared to early fall manure without a cover crop. Average rye cover 
crop N uptake was significantly greater in plots receiving manure compared with plots receiving 
no manure, suggesting that the rye cover crop was effective at capturing N from manure. Late fall 
applied swine manure resulted in significantly lower NO3-N concentrations than early fall manure 
in corn, but there was no difference during the soybean phase of the rotation. In a CC rotation, 
spring applied swine manure resulted in lower NO3-N concentrations compared to late fall manure 
in 2017 but there was no significant difference in 2016. Further research is needed to determine 
the impact of spring vs. fall-applied manure on NO3-N leaching. Drainage P concentrations were 
low in both years and neither concentrations nor losses were affected by any of the treatments. 
In a CS rotation, late fall manure resulted in significantly greater corn yields compared to 
early fall manure. Continuous corn receiving spring manure resulted in significantly higher yields 
in both years compared to late fall manure. These results suggest that delaying manure application 
to better match crop N uptake demand may provide a yield benefit.  The cover crop treatment had 
lower 2-yr average soybean yields compared to no cover crop but corn yields were not significantly 
different. Results indicate that cereal rye cover crops have the potential to reduce NO3-N 
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concentrations in drainage water but management changes may be required to alleviate yield 
impacts to the cash crop. 
Acknowledgements 
Funding for this research was provided by the Iowa Pork Producers Association and 
Calcium Products, Inc. This research was made possible by Ken Pecinovsky and other staff at the 
Northeast Research and Demonstration Farm in Nashua, IA.  
References 
Andraski, T., and L. Bundy. 2005. Cover crop effects on corn yield response to nitrogen on an 
irrigated sandy soil. Agron. J. 97(4): 1239–1244. doi: 10.2134/agronj2005.0052. 
Barker, D., J. Sawyer, and M. Castellano. 2014. Evaluation of fertilizer additives for enhanced 
nitrogen efficiency in corn. Iowa State Univ. Agron. Rep. 
https://lib.dr.iastate.edu/agron_reports/1. 
Blackmer, A.M., R.D. Voss, and A.P. Mallarino. 1997. Nitrogen fertilizer recommendations for 
corn in Iowa. Iowa State University Extension Service, Ames, IA. 
Bushuk, W. (Ed). 2001. Rye: production, chemistry, and technology. 2nd ed. American 
Association of Cereal Chemists, St. Paul, Minn. 
Christianson, L.E., and R.D. Harmel. 2015. 4R water quality impacts: An assessment and 
synthesis of forty years of drainage nitrogen losses. J. Environ. Qual. 44(6): 1852–60. 
doi: 10.2134/jeq2015.03.0170. 
De Bruin, J., P. Porter, and N. Jordan. 2005. Use of a rye cover crop following corn in rotation 
with soybean in the upper Midwest. Agron. J. 97(2): 587–598. 
van Es, H.M., J.M. Sogbedji, and R.R. Schindelbeck. 2006. Effect of manure application timing, 
crop, and soil type on nitrate leaching. J. Environ. Qual. 35(2): 670–9. 
Fausey, N.R., L.C. Brown, H.W. Belcher, and R.S. Kanwar. 1995. Drainage and water quality in 
Great Lakes and Cornbelt states. J. Irrig. Drain. Eng. 121(4): 283. 
Gilliam, J.W., J.L. Baker, and K.R. Reddy. 1999. Water quality effects of drainage in humid 
regions. p. 801–830. In  Agricultural drainage. Agronomy. American Society of 
Agronomy : Crop Science Society of America : Soil Science Society of America, 
Madison, Wis., USA. 
Gupta, S., E. Munyankusi, J. Moncrief, F. Zvomuya, and M. Hanewall. 2004. Tillage and 
manure application effects on mineral nitrogen leaching from seasonally frozen soils. J. 
Environ. Qual. 33(4): 1238–1246. doi: 10.2134/jeq2004.1238. 
81 
 
Hansen, E.M., I.K. Thomsen, and M.N. Hansen. 2004. Optimizing farmyard manure utilization 
by varying the application time and tillage strategy. Soil Use Manag. 20(2): 173–177. 
doi: 10.1111/j.1475-2743.2004.tb00353.x. 
Johnson, T.J., T.C. Kaspar, K.A. Kohler, S.J. Corak, and S.D. Logsdon. 1998. Oat and rye 
overseeded into soybean as fall cover crops in the upper Midwest. J. Soil Water Conserv. 
53(3). 
Kanwar, R.S., D. Bjorneberg, and D. Baker. 1999. An automated system for monitoring the 
quality and quantity of subsurface drain flow. J. Agric. Eng. Res. 73(2): 123–129. doi: 
10.1006/jaer.1998.0398. 
Kanwar, R.S., T.S. Colvin, and D.L. Karlen. 1997. Ridge, moldboard, chisel, and no-till effects 
on tile water quality beneath two cropping systems. J. Prod. Agric. 10(2): 227–234. 
Kaspar, T.C., D. Jaynes, T. Parkin, and T. Moorman. 2007. Rye cover crop and Gamagrass strip 
effects on NO3 concentration and load in tile drainage. J. Environ. Qual. 36(5): 1503–
1511. doi: 10.2134/jeq2006.0468. 
Kessavalou, A., and D. Walters. 1999. Winter rye cover crop following soybean under 
conservation tillage: Residual soil nitrate. Agron. J. 91(4): 643–649. 
Laboski, C. 2017. Use of nitrification inhibitors with manure. In  Proceedings of the 2017 
Wisconsin Agribusiness Classic. Madison, WI. 
Lawlor, P., J. Baker, S. Melvin, and M. Helmers. 2004. Nitrification inhibitor and nitrogen 
application timing effects on yields and nitrate-nitrogen concentrations in subsurface 
drainage from a corn-soybean rotation. In  Ontario, Canada. 
Lawlor, P.A., M. Helmers, J. Baker, S. Melvin, and D. Lemke. 2011. Comparison of liquid swine 
manure and aqua-ammonia nitrogen application timing on subsurface drainage water 
quality in Iowa. Trans. ASABE 54(3): 973–981. 
Leonard, W.H., and J.H. Martin. 1963. Cereal crops. The Macmillan Company, NY. 
Logsdon, S.D., T.C. Kaspar, D. Meek, and J. Prueger. 2002. Nitrate leaching as influenced by 
cover crops in large soil monoliths. Agron. J. 94(4): 807–814. 
Mcdonald, P., J.W. Singer, and M. Wiedenhoeft. 2008. Self-seeded cereal cover crop effects on 
interspecific competition with corn. Agron. J. 100(2): 440–446. doi: 
10.2134/agronj2007.0172. 
Mitsch, W.J., J.W. Day, J.W. Gilliam, P.M. Groffman, D.L. Hey, G.W. Randall, and N. Wang. 
2001. Reducing nitrogen loading to the Gulf of Mexico from the Mississippi River Basin: 
Strategies to counter a persistent ecological problem. BioScience 51(5): 373–388. 
Pantoja, J.L. 2013. Thesis - Effect of corn stover harvest and winter rye cover crop on corn 
nitrogen fertilization. Iowa State University. 
82 
 
Parkin, T., T. Kaspar, and J. Singer. 2006. Cover crop effects on the fate of N following soil 
application of swine manure. Plant Soil 289(1): 141–152. doi: 10.1007/s11104-006-9114-
3. 
Plaza-Bonilla, D., J.-M. Nolot, D. Raffaillac, and E. Justes. 2015. Cover crops mitigate nitrate 
leaching in cropping systems including grain legumes: Field evidence and model 
simulations. Agric. Ecosyst. Environ. 212: 1–12. doi: 10.1016/j.agee.2015.06.014. 
Qi, Z., and M.J. Helmers. 2008. Effects of cover crops in reducing nitrate-nitrogen leaching in 
Iowa. In  Proceedings of the 20th Annual Integrated Crop Management Conference. Iowa 
State University Digital Repository, Iowa State University. 
Qi, Z., and M. Helmers. 2010. Soil water dynamics under winter rye cover crop in central Iowa. 
Vadose Zone J. 9(1): 53–60. doi: 10.2136/vzj2008.0163. 
Qi, Z., M.J. Helmers, R.D. Christianson, and C.H. Pederson. 2011. Nitrate-nitrogen losses 
through subsurface drainage under various agricultural land covers. J. Environ. Qual. 
40(5): 1578–1585. doi: 10.2134/jeq2011.0151. 
Rabalais, N., R. Turner, D. JustiĆ, Q. Dortch, W. Wiseman, and B. Sen Gupta. 1996. Nutrient 
changes in the Mississippi River and system responses on the adjacent continental shelf. 
Estuaries 19(2): 386–407. doi: 10.2307/1352458. 
Randall, G.W., J.A. Vetsch, and J.R. Huffman. 2003. Nitrate losses in subsurface drainage from 
a corn-soybean rotation as affected by time of nitrogen application and use of nitrapyrin. 
J. Environ. Qual. 32(5): 1764–72. 
Ritter, W.F., R.W. Scarborough, and A.E.M. Chirnside. 1998. Winter cover crops as a best 
management practice for reducing nitrogen leaching. J. Contam. Hydrol. 34(1): 1–15. 
doi: 10.1016/S0169-7722(98)00087-4. 
Ruffo, M., D.G. Bullock, and G. Bollero. 2004. Soybean yield as affected by biomass and 
nitrogen uptake of cereal rye in winter cover crop rotations. Agron. J. 96(3): 800–805. 
Salmerón, M., J. Cavero, D. Quilez, and R. Isla. 2010. Winter cover crops affect monoculture 
maize yield and nitrogen leaching under irrigated mediterranean conditions. Agron. J. 
102(6): 1700–1709. 
SAS Institute. 2015. SAS analytics software and solutions. The SAS system for Windows. Cary, 
NC. 
Sassman, A. 2014. Corn production with Instinct nitrification inhibitor applied with urea-
ammonium nitrate solution and liquid swine manure. https://lib.dr.iastate.edu/etd/14276/. 
Sawyer, J.E., and A.P. Mallarino. 2017. Use of the Late-Spring Soil Nitrate Test in Iowa corn 
production. Iowa State University Extension Service. 
83 
 
Sawyer, J.E., S. Patel, J. Pantoja, D.W. Barker, and J.P. Lundvall. 2017. Nitrogen dynamics with 
a rye cover crop. In  Proceedings of the 29th Annual Integrated Crop Management 
Conference. Iowa State University Digital Repository, Iowa State University. 
Singer, J.W., C. Cambardella, and T. Moorman. 2008. Enhancing nutrient cycling by coupling 
cover crops with manure injection. Agron. J. 100(6): 1735–1739. doi: 
10.2134/agronj2008.0013x. 
Strock, J.S., P.M. Porter, and M.P. Russelle. 2004. Cover cropping to reduce nitrate loss through 
subsurface drainage in the northern U.S. Corn Belt. J. Environ. Qual. 33(3): 1010–6. 
Thilakarathna, M.S., S. Serran, J. Lauzon, K. Janovicek, and B. Deen. 2015. Management of 
manure nitrogen using cover crops. Agron. J. 107(4): 1595. doi: 10.2134/agronj14.0634. 
Vetsch, J., and G. Randall. 2004. Corn production as affected by nitrogen application timing and 
tillage. Agron. J. 96(2): 502–509. 
Waring, E.R. 2016. Thesis - Quantifying the impact of a winter cereal rye cover crop and no-till 
on soil moisture, soil temperature, and nitrate loss via subsurface drainage. Iowa State 
University. 
Xia, L., S.K. Lam, X. Yan, and D. Chen. 2017. How does recycling of livestock manure in 
agroecosystems affect crop productivity, reactive nitrogen losses, and soil carbon 
balance? Environ. Sci. Technol. 51(13): 7450–7457. doi: 10.1021/acs.est.6b06470. 
Zarcinas, B.A., B. Cartwright, and L.R. Spouncer. 1987. Nitric acid digestion and multi‐element 
analysis of plant material by inductively coupled plasma spectrometry. Commun. Soil 











Figure 3-2. Monthly average flow-weighted NO3-N concentrations in drainage water from corn 
phase of corn-soybean rotations. 
 
 
Figure 3-3. Monthly average flow-weighted NO3-N concentrations in drainage water from the 




Figure 3-4. Monthly average flow-weighted NO3-N concentrations in drainage water from 
continuous corn rotations. 
 
 









Figure 3-7. Cumulative N losses from drainage water in continuous corn rotations. 
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Table 3-1. Experimental treatments for the 2016 through 2018 water quality study at the ISU 
Northeast Research Farm, Nashua, IA.  




Crop rotation Tillage 






EFM168NT+R Early Fall Manure 168 
- 
Corn + Rye cover 
Soybean + Rye cover 
No-Till 
No-Till 












Chisel plow corn fall 
Field cultivate both spring 
LFM224 Late Fall Manure 224 Continuous corn Chisel plow fall 
Field cultivate spring 
LFM224+I Late Fall Manure 
+ Instinct 
224 Continuous corn Chisel plow fall 
Field cultivate spring 
LFM224+G Late Fall Manure 
+ Gypsum 
224 Continuous corn Chisel plow fall 
Field cultivate spring 
SM224 Spring Manure 224 Continuous corn Chisel plow fall 
























Table 3-2. Manure nutrient content by treatment for 2016 and 2017 crop years. 
Treatment 2016 2017 2016-2017 Avg. 
 Nitrogen from manure, kg N ha-1 
EFM168NT 202 174 188 
EFM168NT+R 201 169 185 
LFM168NT 215 204 210 
LFM224 257 242 250 
LFM224+I 203 252 228 
LFM224+G 251 241 246 
SM224 182 239 211 
 Phosphorus from manure, kg P ha-1 
EFM168NT 65 44 55 
EFM168NT+R 69 43 56 
LFM168NT 65 52 59 
LFM224 76 62 69 
LFM224+I 63 64 64 
LFM224+G 79 59 69 
SM224 73 56 65 
 Potassium from manure, kg K ha-1 
EFM168NT 104 102 103 
EFM168NT+R 111 95 103 
LFM168NT 113 119 116 
LFM224 127 141 134 
LFM224+I 107 145 126 
LFM224+G 137 136 137 
SM224 127 119 123 
 
Table 3-3. Precipitation for the 2016 and 2017 growing seasons compared to the 1986 through 
2015 average. 
 Apr. May June July Aug. Sept. Oct. Nov. Total 
 Precipitation, cm 
2016 5.9 7.7 29.5 15.4 18.6 37.9 5.9 3.4 124.3 
2017 10.1 11.8 12.5 19.5 4.2 5.5 11.6 0.8 76.0 





Table 3-4. Subsurface drainage water depth for each treatment. 
 Corn-soybean rotation Continuous corn 
Treatment EFM168NT EFM168NT+R LFM168NT SU168 LFM224 LFM224+I LFM224+G SM224 
  Drainage depth, cm Drainage depth, cm 
2016 
Corn 41.7a 41.0a 44.2a 27.1a 37.6a 30.7a 33.7a 31.4a 
Soybean 30.9a 32.5a 47.4a 25.2a - - - - 
2017 
Corn 16.2a 18.1a 29.0a 15.3a 23.7a 21.4a 21.0a 18.1a 
Soybean 38.5a 29.9a 38.3a 15.0a - - - - 


























Table 3-5. Spring 2016 and 2017 cereal rye cover crop aboveground biomass and N, P, and K uptake. 
Plant date Sample date Residue Sample location Biomass N P K N P K 
kg ha-1 (dry) % kg ha-1 
10/7/2015 4/14/2016 Soybean In band 2856 4.72 0.51 3.25 135 15 93 
10/7/2015 4/14/2016 Soybean Between band 926 4.02 0.33 2.50 37 3 23 
10/7/2015 4/14/2016 Soybean In + between 
 band average 
1891a 4.37 0.42 2.88 86a 9a 58a 
10/21/2015 4/25/2016 Corn - 1710a 2.74 0.27 2.55 47b 5b 44a 
10/10/2016 4/17/2017 Soybean In band 2791 4.48 0.49 3.81 125 14 107 
10/10/2016 4/17/2017 Soybean Between band 1252 4.18 0.43 3.43 53 5 43 
10/10/2016 4/17/2017 Soybean 
In + between 
band average 
2022a 4.33 0.46 3.62 89a 10a 75a 
10/10/2016 4/21/2017 Corn - 1747a 3.05 0.37 2.82 55a 7a 49a 
- 2-yr avg. Soybean 
In + between 
band average 
1957a 4.35 0.44 3.25 88a 10a 67a 
- 2-yr avg. Corn - 1729a 2.90 0.32 2.69 51b 6b 47a 
Means with the same letter within year are not significantly different at P ≤ 0.05. Significant differences in biomass and N, P, and K uptake exist 
when comparing in and between-band sampling locations in soybean residue (not shown). For statistical analyses it is assumed that in-and-














Table 3-6. Late spring soil NO3-N concentrations in 2016 and 2017. 
 Corn-soybean rotation Continuous corn 
Treatment EFM168NT EFM168NT+R LFM168NT SU168 LFM224 LFM224+I LFM224+G SM224 
 mg NO3-N kg
-1 soil mg NO3-N kg
-1 soil 
2016 
0-30 cm 24.5a 21.3a 29.7a 15.8a 30.7ab 30.6ab 22.2b 45.6a 
30-60 cm 11.9a 11.0a 17.2a 6.4a 13.5a 14.1a 15.3a 11.9a 
2017 
0-30 cm 12.8b 13.1b 14.5b 62.9a 15.3b 20.4b 19.1b 37.6a 
30-60 cm 10.6a 8.0a 14.3a 19.4a 15.2a 16.6a 14.5a 15.0a 
Means with the same letter within row are not significantly different at P ≤ 0.05. Effects of treatments managed with corn-soybean rotations or 























Table 3-7. Quarterly flow-weighted NO3-N concentrations in drainage water in 2016 and 2017.  
 Corn-soybean rotation Continuous corn 
Treatment EFM168NT EFM168NT+R LFM168NT SU168 LFM224 LFM224+I LFM224+G SM224 
  mg N L-1 mg N L-1 
Q1 
2016 
Corn 22.5a 17.2a 14.9a 10.2a 17.3a 21.2a 19.0a 18.2a 
Soybean 13.0a 10.3a 13.9a 11.6a - - - - 
Q2 
2016 
Corn 31.6a 18.0b 23.1b 15.4b 30.1a 31.1a 34.1a 28.3a 
Soybean 14.9a 9.0b 15.3a 15.9a - - - - 
Q3 
2016 
Corn 16.1a 7.4c 12.4b 10.3b 17.5a 16.7a 14.7a 18.9a 
Soybean 8.2ab 4.9b 10.1a 8.7a - - - - 
Q4 
2016 
Corn 10.7a 6.0a 8.3a 8.8a 12.2ab 11.9ab 8.9b 13.9a 
Soybean 7.9a 3.9b 7.9a 7.1a - - - - 
Q1 
2017 
Corn 22.4a 10.9b 13.4b 10.8b 14.7a 15.4a 14.5a 13.62a 
Soybean 10.4ab 6.7c 9.1bc 12.2a - - - - 
Q2 
2017 
Corn 32.9a 14.0c 22.5b 14.0c 19.1a 20.0a 21.7a 14.6b 
Soybean 9.7b 4.3c 8.8b 14.2a - - - - 
Q3 
2017 
Corn 17.6ab 8.8c 21.0a 12.8bc 16.4a 17.9a 16.6a 16.1a 
Soybean 7.7a 4.0b 7.5a 10.3a - - - - 
Q4 
2017 
Corn 12.9ab 5.1b 18.1a 14.3ab 14.2a 18.4a 6.4a - 
Soybean 9.4a 5.9a 7.8a 8.1a - - - - 
Means with the same letter within row are not significantly different at P ≤ 0.05. Effects of treatments managed with corn-soybean rotations or 









Table 3-8. Annual, rotation average, and two-year average flow-weighted NO3-N concentrations in drainage water in 2016 and 2017. 
 Corn-soybean rotation Continuous corn 
Treatment EFM168NT EFM168NT+R LFM168NT SU168 LFM224 LFM224+I LFM224+G SM224 
  mg N L-1 mg N L-1 
2016 
Corn 20.5a 11.3c 15.7b 12.0c 21.1a 21.6a 20.7a 22.0a 
Soybean 10.9a 6.7b 12.0a 11.4a - - - - 
Both 15.7a 9.0b 13.9a 11.7ab - - - - 
2017 
Corn 27.2a 12.0c 20.1b 13.2c 17.1a 18.3a 18.2a 14.7b 
Soybean 9.5ab 4.9c 8.7b 12.6a - - - - 
Both 18.3a 8.5b 14.4ab 12.9ab - - - - 
2-yr 
Avg. 
Corn 23.8a 11.7c 17.9b 12.6c 19.1a 19.9a 19.4a 18.3a 
Soybean 10.2a 5.8b 10.3a 12.0a - - - - 
Both 17.0a 8.7c 14.1ab 12.3bc - - - - 
Means with the same letter within row are not significantly different at P ≤ 0.05. Effects of treatments managed with corn-soybean rotations or 

















Table 3-9. Annual and 2-yr average NO3-N losses via drainage water from each treatment. 
 Corn-soybean rotation Continuous corn 
Treatment EFM168NT EFM168NT+R LFM168NT SU168 LFM224 LFM224+I LFM224+G SM224 
  kg N ha-1 kg N ha-1 
2016 
Corn 81.3a 45.9ab 67.3ab 33.1b 79.0a 66.7a 69.9a 69.0a 
Soybean 35.8ab 23.5b 57.2a 28.9ab - - - - 
Both 58.5ab 34.7ab 62.2a 31.0b - - - - 
2017 
Corn 43.2ab 23.1ab 57.8a 20.0b 40.4a 39.0a 38.4a 26.6a 
Soybean 34.9a 16.0b 31.9a 19.4ab - - - - 
Both 39.1ab 19.6b 44.9a 19.7b - - - - 
2-yr 
Avg. 
Corn 62.3ab 34.5bc 62.5a 26.5c 59.7a 52.9a 54.1a 47.8a 
Soybean 35.3ab 19.8b 44.6a 24.1b - - - - 
Both 48.8a 27.1b 53.5a 25.3b - - - - 
Means with the same letter within row are not significantly different at P ≤ 0.05. Effects of treatments managed with corn-soybean 

















Table 3-10. Yield data for the 2016 and 2017 crop years. 
 Corn-soybean rotation Continuous corn 
Treatment EFM168NT EFM168NT+R LFM168NT SU168 LFM224 LFM224+I LFM224+G SM224 
  Mg ha-1 Mg ha-1 
2016 
Corn 10.51c 8.90d 12.19b 14.27a 11.71c 13.25b 11.22c 14.02a 
Soybean 4.19b 3.37c 4.59a 4.22b - - - - 
2017 
Corn 9.88c 10.19c 13.88b 15.01a 13.15c 13.91b 13.11c 14.95a 
Soybean 4.46a 4.27b 4.34b 4.50a - - - - 
2-yr 
Avg. 
Corn 10.19c 9.54c 13.03b 14.64a 12.43c 13.58b 12.17c 14.48a 
Soybean 4.33a 3.82b 4.46a 4.36a     
Means with the same letter within row are not significantly different at P ≤ 0.05. Effects of treatments managed with corn-soybean rotations or 





CHAPTER 4.    EVALUATING THE IMPACT OF MIDWESTERN CROPPING 
SYSTEMS ON SOIL HEALTH USING THE SOIL MANAGEMENT ASSESSMENT 
FRAMEWORK 
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A paper to be modified for submission to Journal of Soil and Water Conservation 
Abstract 
An increasing awareness among crop producers of the benefits of improving soil health in 
agricultural systems has led to significant interest in quantifying the impact of cropping 
management practices on soil health indicators. This study investigated the long term effects of 
tillage, corn (Zea mays L.) residue removal, liquid swine manure applications, and cereal rye 
(Secale cereale) cover crops on soil health indicators in crop rotations typically found in the 
Midwestern U.S. Total soil carbon (TC) levels were monitored annually to a depth of 120 cm over 
a 10-yr period from 2007 to 2016. In the spring of 2017, soil cores were taken to a depth of 15 cm 
and analyzed for TC, aggregate size distribution, bulk density, potentially mineralizable nitrogen, 
pH, P, and K levels. This data was evaluated with the Soil Management Assessment Framework 
to quantify an overall soil quality index (SQI) score in five different treatments. 
Results show that from 2007 to 2016, TC levels remained unchanged to a depth of 30 cm 
but increased in all treatments at a depth of 60 to 90 cm. There were also increases at the 30 to 60 
cm and 90 to 120 cm depths in some treatments. The rate of change in TC at a given depth did not 
differ between treatments. In the 2017 soil cores, aggregate size distribution differed somewhat 
between treatments but there was no significant difference in the overall fraction of aggregates > 
212 µm. Bulk density levels were significantly higher in no-till compared to treatments with 
tillage. Potentially mineralizable nitrogen levels did not differ significantly between treatments. 





having the highest SQI score and a no-till with cover crop treatment having the lowest SQI due to 
higher bulk density and lower TC than other treatments. 
Introduction 
The soil health benefits associated with various agricultural management practices have 
become an area of significant interest for researchers and land managers. Soil health, also referred 
to as soil quality, has been defined as the capacity of soil to function as a vital living system, within 
ecosystem and land-use boundaries, to sustain plant and animal productivity, maintain or enhance 
water and air quality, and promote plant and animal health (Doran and Zeiss, 2000). Improving 
the health of agricultural soils has been linked to improvements in surface and groundwater quality, 
reduced sediment and pollutant transport, and more efficient use of agricultural inputs (National 
Research Council, 1993). Healthy soils are typically more productive, less prone to erosion, and 
more resilient than degraded soils (Doran et al., 1994; Fageria, 2002; Kibblewhite et al., 2008).  
Switching to no-till (NT) cropping systems is one practice that has shown benefits to soil 
health (Schmidt et al., 2018; Nunes et al., 2018). Tillage can cause compaction and also disrupt 
aggregation, nutrient cycling, and soil microbial activity (Bronick and Lal, 2005). It can also lead 
to significant erosion by leaving the soil surface exposed to the actions of wind and water, in 
addition to in-field erosion due to tillage itself (Van Oost et al., 2006).  Tilled soils generally have 
less microbial biomass (Wardle, 1995) and altered mycorrhizal fungi populations (Jansa et al., 
2003) compared to NT under similar crop rotations. It has been proposed that NT farming is a 
strategy that can be used to increase soil organic carbon levels and sequester carbon in soils (West 
and Post, 2002; Lal, 2004).  
The presence of soil C affects aggregate stability and nutrient cycling and is associated 
with overall soil health. Despite this, the effects of switching to NT on soil C levels and soil health 





be achieved with conventional tillage as well as NT (Buyanovsky and Wagner, 1998). Other 
research suggests that studies reporting greater accrual of organic C in NT may have been biased 
by shallow soil sampling depths (Baker et al., 2007). Studies comparing root length density found 
that NT soils tended to have greater root density in the top 5 to 10 cm of soil, whereas tilled soils 
had greater root density deeper in the soil profile in both winter wheat (Qin et al., 2004) and maize 
(Qin et al., 2005). No-till soils have been found to have higher bulk density and greater penetration 
resistance in the upper soil profile (Vyn and Raimbault, 1993; Fabrizzi et al., 2005). This could 
prevent deeper rooting in NT soils and lead to more accumulation of organic C near the surface. 
More recent research suggests that rather than sequestering more C in soils, NT alters the 
distribution of organic C in the soil profile, with gains in the upper 10 cm and losses deeper in the 
profile (Luo et al., 2010). A meta-analysis by Angers and Eriksen-Hamel (2008) reported that full 
inversion tillage had significantly greater organic C than NT at depths of 21 to 35 cm, and there 
was no significant difference at depths > 35 cm. However, NT still had an average of 4.9 Mg ha-1 
more organic C than full inversion tillage over the full sampling depth (Angers and Eriksen-Hamel, 
2008). A separate meta-analysis by Virto et al. (2012) reported an average of 3.4 Mg ha-1 more C 
in NT compared to inversion tillage systems. Their analysis found that greater crop C input was 
the only significant factor explaining increases in organic C at 0 to 30 cm depth, suggesting that 
increased C stocks were due to greater C inputs from NT residue more so than the elimination of 
tillage (Virto et al., 2012).  
Research on C changes at depths > 30 cm is limited in the literature and is needed to provide 
more insight into the C storage potential of NT in agroecosystems. In addition, with increased 
demand for corn (Zea mays L.) based products there may be an increase in continuous corn 





soybean (CS) and continuous corn (CC) systems that are common in the Midwestern U.S. Since 
there is also increased discussion about corn residue removal for livestock use or biofuel 
production, there is also a need for evaluating whether residue removal may lead to changes in soil 
C or overall soil health.  
The use of cover crops is another practice that has been linked to improvements on soil 
health. Long term cover crop usage was found to improve infiltration and increase soil carbon 
levels in an irrigated cropping system (Mitchell et al., 2017). Cover crops can also improve 
aggregate stability and increase soil porosity and soil water storage (Liu et al., 2005; Villamil et 
al., 2006; Basche et al., 2016). Returning cover crop residues to the soil can lead to increased 
organic C and N levels (Sainju and Singh, 1997). The increased biological activity associated with 
cover crops can also enhance N cycling in the soil (Radke et al., 1988). However, the C:N ratio of 
the decomposing residue is an important control on N cycling, as is the timing of cover crop 
termination (White et al., 2017). High C:N ratios can result in net immobilization of N and thus 
reduce the amount of N available to the subsequent crop (Vigil and Kissel, 1991; Pantoja et al., 
2016). Further research investigating potentially mineralizable nitrogen (PMN) levels in cover 
cropped systems using cereal rye (Secale cereale) and their effect on overall soil health would 
provide needed information about this practice. 
Using manure as a nutrient source has also been linked to improvements soil health, 
including increased soil organic matter, higher PMN levels, and reduced bulk density (Pb).  Iqbal 
et al., (2014) reported 92% more PMN and 28% higher levels organic matter in manured compared 
to non-manured plots in India. Manuring can also increase the porosity and aggregate stability of 
soil compared to mineral fertilization (Christensen and Johnston, 1997). Aggregate stability has 





Roose, 2002) and as an indicator of soil health (Amezketa, 1999). Long term application of liquid 
swine manure was found to increase nitrification and microbial activity of soils (Martí and Martí, 
2016). However, manuring has also been linked to reduced resistance to soil dispersion (Whalen 
and Chang, 2002). Literature studies investigating the effect of liquid manure application on 
indicators of soil health are scarce and further research would be valuable.   
Agricultural management practices such as using cover crops, applying livestock manure, 
and switching to NT systems have been linked to improvements in soil health. However, there is 
a lack of data from long term studies to evaluate the rate and magnitude of change in indicators of 
soil health due to these practices. This research will investigate the impact of these practices on 
common soil health indicators, including aggregate stability, Pb, PMN, and changes in total soil 
carbon (TC) over time. Researchers have been working to develop methods to quantify these and 
other soil health indicators into a composite soil health score (Andrews et al., 2002; Wienhold et 
al., 2006; Karlen et al., 2008; Moebius-Clune et al., 2016). These techniques have been used to 
monitor changes over time and compare the effects of different agronomic practices on physical, 
chemical, and biological indicators of soil health. The Soil Management Assessment Framework 
(SMAF) is a program that provides a framework for combining ratings of soil health indicators 
affected by current management into an overall assessment of soil quality (Andrews et al., 2004; 
Karlen et al., 2008).  Results from this study were assessed with the SMAF program to provide a 
comparison of soil health between different management systems using a soil quality index (SQI) 
score.  
Our objectives are to quantify changes in TC and evaluate soil health impacts of various 
cropping and nutrient management practices. Specific objectives are to evaluate the effects of (i) 





indicators and overall SMAF SQI score. Results from this study can be used to develop 
recommendations for nutrient management practices that have the potential to provide soil health 
benefits.  
Materials and Methods 
Site Description 
Experimental Design and Treatments Experimental data was collected at the Iowa State 
University Northeast Research and Demonstration Farm near Nashua, IA. The soils at the site 
include Floyd loam (fine-loamy, mixed, mesic Aquic Hapludolls), Kenyon loam (fine-loamy, 
mixed, mesic Typic Hapludolls), and Readlyn loam (fine-loamy, mixed, mesic Aquic Hapludolls) 
(Kanwar et al., 1997).  The Kenyon soil is classified as moderately well drained whereas the Floyd 
and Readlyn soils are moderately poorly drained. These soils, particularly Floyd and Readlyn, 
have a seasonally high water table and benefit from subsurface drainage. The experimental plots 
are drained with a subsurface drainage system with a tile spacing of 28.5 m at a depth of 1.2 m.   
The cropping system experiment at the site uses a randomized complete block design with 
six different treatments and three replications (blocks). Table 2-1 shows the management history 
at the research site. Treatment abbreviations are: FM = Fall Manure, SU = Spring Urea Ammonium 
Nitrate (UAN), CC = Continuous Corn, -S = Stover removal, +R = Rye cover crop, and NT = No-
Till. The NT abbreviation is followed by the number of years that the treatment has been in NT. 
The target N application rate in kg N ha-1 for each treatment is also given in the abbreviation. The 
FM224CC-S treatment had approximately 30% the stover removed after fall harvest from 2007 
through 2014, and a single application of 2.3 Mg ha-1 application of gypsum (23% Ca, 17% S) in 
the fall of 2015. Continuous corn treatments had three plot replicates each. All other treatments 
were in a CS rotation with three replicates in corn and three in soybeans each year. Only the corn 





with corn residue were chisel plowed in the fall after corn harvest and all corn and soybean plots 
were field cultivated in the spring before planting the crops. 
The fall manure treatments utilized liquid swine manure from a growing-finishing swine 
facility. Manure was injected with a liquid manure tanker equipped with low disturbance injectors. 
Manure application rates were estimated with an initial sampling from the manure pit and the 
actual N, P, and K application rates were determined with manure samples taken from the agitated 
manure application tank the day the manure was applied. The manure was injected to a depth of 
approximately 15 cm after crop harvest with a 76 cm spacing. The SU168 treatment received 
spring applications of either 28% or 32% UAN at a target rate of 168 kg N ha-1 approximately 
three weeks after corn was planted. The spring UAN was injected to a depth of approximately 15 
cm behind a fluted coulter blade in the center of every second row of corn (152 cm spacing). Elbon 
variety cereal rye was drill seeded after manure injection in rows spaced 200 mm apart at a rate of 
approximately 90 kg ha-1 in the cover crop treatment. The cereal rye cover crop was terminated 
with glyphosate in the spring. The cover crop treatment received spring UAN prior to 2016 and 
early fall manure thereafter. Corn was planted in rows spaced 750 mm apart at a population of 
approximately 86,600 seeds ha-1. Table 4-2 shows agronomic management details and dates for 
the 2017 crop year.  
Soil Sampling 
Soil profile samples were collected from a single location in each plot after fall harvest 
beginning in 2007. Samples were taken to a depth of 120 cm with a Giddings truck-mounted 
hydraulic soil probe using zero contamination tubes and a 4 cm dia. probe.  The soil samples were 
split into five depths: 0 to 15cm, 15 to 30 cm, 30 to 60 cm, 60 to 90 cm, and 90 to 120 cm. Soil 





using methods recommended for the north-central region of the US by the North Central Region 
Extension and Research Activities (NCERA-13) committee (Brown, 1998).  
 Samples for soil health analyses were obtained on June 1st and 2nd of 2017 from all CC 
plots and all corn phase plots in CS rotation. Samples were obtained from the quarter-row position 
approximately 20 cm from the row of corn. Wheel track rows were avoided whenever possible, 
but tracks were not always visible. For bulk density (Pb) and aggregate size distribution (AGG) 
sampling (also referred to as water-stable aggregates), three locations in each plot were sampled 
to a depth of 15 cm with a 7.62 cm diameter manual bulk density core sampler. Total sample 
volume was 695 cm3. Cores were wrapped in cellophane and stored at 4°C prior to analyses. 
Potentially mineralizable nitrogen (PMN), total carbon (TC) and total nitrogen (TN) samples were 
obtained to a depth of 15 cm with a 1.75 cm dia. push probe. For PMN, TC, and TN analysis 20 
cores were taken from each sampling location in the immediate vicinity of the Pb samples and 
placed in Ziploc storage bags. Ten cores for PMN samples were stored in a freezer prior to analysis. 
Ten cores for TC and TN analyses were air-dried and stored at room temperature. A second set of 
cores for Pb analysis only were obtained from the same locations as the first set on October 20, 
2017, after grain harvest but prior to fall manure application or tillage.  
Soil Sample Analysis 
Bulk density cores were weighed to obtain total weight and a 20g subsample was oven 
dried for 48 hours at 105°C to determine the moisture content. Dry Pb was obtained with Equation 
(1) (Blake and Hartge, 1986) where Pb is the bulk density (g cm
3), ms is the mass of the soil 
particles (g), Vc is the core volume (cm
3), mt is the total sample mass prior to drying (g), mw is the 

















The remaining Pb core was quartered lengthwise and one quarter was used for AGG 
analyses.  Samples were prepared for AGG by passing field-moist samples through an 8 mm sieve 
by breaking the soil along natural fractures (Cambardella and Elliott, 1993; Ontl et al., 2015). 
Gravel too large to pass through the sieve was dried to determine mass. Roots greater than 1 cm in 
length were removed. Samples were placed in aluminum tins and air-dried with a box fan for 48 
hours, after which a 10 g subsample was oven dried at 105 ˚C for 48 hours to determine air-dried 
moisture content.  
To prepare for wet-sieving, moisture content at field capacity was determined for each 
sample based on particle size, organic matter, and Pb (Saxton and Rawls, 2006). In a plastic petri 
dish, a 100 g sample of air-dried soil was capillary wetted to field capacity plus 5% by applying 
deionized water to filter paper under the sample (Six et al., 1998). The petri dish was taped shut 
and stored overnight at 4˚C. The next day the moist aggregates were spread on top of a set of sieves 
with 2.00 mm top sieve, 1.00 mm middle sieve, and 0.212 mm bottom sieve (Ontl, et al., 2015). 
Wet sieving was done similarly to the Yoder method described in (Yoder, 1936). The sieves were 
submerged in water for 5 min and then wet-sieved for 10 min with a 4 cm stroke length at 30 
strokes min-1 (Mikha and Rice, 2004). Water level in the wet-sieving apparatus was maintained 
such that samples remained submerged at the top of the stroke and water did not overflow the outer 
edge of the sieve at the bottom of the stroke (Nimmo and Perkins, 2002). Material retained on each 
sieve was then backwashed into pre-weighed tins and oven dried at 60˚C for 48 hrs. After drying, 
the tins were weighed again to obtain dry mass of each fraction.  
To determine the sand portion of each fraction, 10 g of each dried fraction was added to 30 





a reciprocal shaker for 15 hrs. to dissolve the aggregates (Cambardella and Elliott, 1992). The 
solution was then poured through a 53 µm sieve and rinsed with water. Material left on the screen 
was considered to be the sand portion of each aggregate fraction. The sand retained on each sieve 
was backwashed into pre-weighed tins and oven dried at 60˚C for 48 hours. The mass of sand was 
subtracted from the total fraction mass to obtain the total mass of each aggregate fraction. Sand 
particles are not considered aggregates, thus this procedure gives a more accurate estimate of actual 
aggregate size distribution. 
 Soil samples for TC and TN analyses were ground and passed through a 0.250 mm sieve. 
Subsamples (10 g) were oven dried at 105°C for 48 hr to determine air-dried moisture content. 
Sieved soil was submitted to Iowa State University soil and plant analysis laboratory for TC and 
TN combustion analysis. For PMN analyses, approximately 150 g of field-moist soil was prepared 
for aerobic incubation (Drinkwater et al., 1996). Subsamples (10 g) were oven dried at 105°C for 
48 hr to determine initial soil moisture content. Soil was placed in plastic cups with a vented bottom 
design to allow for drainage. Filter paper was placed over the vent holes prior to adding the soil. 
Samples were leached with 150 mL of deionized water on day 3, 7, 14, 28, and 42. Leachate was 
collected in glass jars via a funnel placed on the bottom of the plastic cup. The leachate was 
weighed and analyzed for NO3-N with an Oakton ION 700 benchtop meter (Vernon Hills, IL). 
Samples were covered loosely with cellophane to prevent drying out during storage and stored in 
an incubator at 30°C between leaching events.  
Soil Health Assessment 
Seven soil quality indicators were used as input to the SMAF program. Soil chemical 
properties included pH, P, and K, physical properties included AGG and Pb, and biological 
properties were represented with TC and PMN (28-day aerobic test). In SMAF results reported 





macroaggregates > 0.212 mm. Macroaggregate stability was calculated by summing aggregate 
mass for all soil fractions greater than 0.212 mm and dividing by the total soil mass. It should be 
noted that other studies using SMAF have reported macroaggregate stability as all particles > 0.250 
mm (Andrews et al., 2004; Karlen et al., 2013). Total organic carbon was replaced with TC 
(organic plus inorganic) in SMAF. Inorganic carbon is assumed to be negligible for samples with 
pH < 7.3 (Karlen et al., 2011), which was all samples in this case. The program uses scoring curves 
to assign a relative value of 0 to 1 for each indicator and provides an overall SQI. A score of 1 
represents a soil that is functioning at 100% of its inherent potential. A detailed explanation of 
SMAF assessment is given in Andrews et al. (2004). 
Statistical Analysis 
Statistical analysis was done with SAS™ software version 9.4 using PROC GLM (SAS 
Institute, 2015) assuming fixed block and treatment effects. Comparisons among treatments were 
tested at 5% significance level using the Least Significant Difference (LSD) method only when 
the treatments main effect was significant at P ≤ 0.05. The PROC CORR procedure was used to 
determine Pearson correlation coefficients between soil health indicators.  
Results and Discussion 
Total Carbon in the Soil Profile 
Results from regression analysis of TC in the soil profile are shown in Table 4-3. Over the 
10-yr period from 2007 to 2016, there were no significant changes in TC in any treatment at the 0 
to 15 cm or 15 to 30 cm depths. Four of the six treatments (SU168, FM168NT2, FM168NT38, and 
FM224CC-S) showed significant increases in TC at the 30 to 60 cm depth. All treatments had a 
significant increase in TC from 60 to 90 cm in depth, and the SU168 and FM168NT10+R 
treatments had significant increases at 90 to 120 cm. Where differences were significant, R2 values 





variable of TC change varied with treatment and depth. The R2 values tended to increase with 
depth, suggesting that time is a better predictor of TC change deeper in the profile, with the 
strongest correlation at the 60 to 90 cm depth range. This trend is displayed in Figures 4-1 through 
4-5, which show the best fit line and 95% confidence and prediction intervals across all treatments 
at each depth.  When comparing the slope of the regression lines across treatments, changes in TC 
over time were not significantly different between treatments at any depth. It should be noted that 
sampling a single deep core from each plot did not consider possible within-plot variation, which 
may limit the reliability of the measurements and conclusions about estimates of treatment 
differences. 
The trend toward increasing TC below the 30 cm depth range is a potentially significant 
finding. Much of the prior research looking at soil C levels has been focused near the surface. West 
and Post (2002) reviewed soil C studies from 67 long term experiments, with only two reporting 
results below 30 cm in depth and none below 70 cm. In this study there was no apparent pattern 
altered distribution of  C in the soil profile with NT compared to tilled treatments as has been noted 
in other research (Luo et al., 2010). This could be due to TC being averaged over 15 to 30 cm 
increments. The rather complex and changing cropping history at the site and lack of long-term 
historical data makes it difficult to say with certainty where these systems are relative to historical 
C levels in the profile. As noted in Sanderman and Baldock (2010), it is difficult to  predict C 
sequestration rates from stock change data when the state of the soil carbon system is not known. 
Despite this and a lack of Pb data for the deep core samples, a review of Table 4-3 suggests 
significant accumulation of C deep in the profile in all treatments regardless of Pb. If we assume 
TC is changing only where significant differences were found at P ≤ 0.05 and assign a Pb of 1.3 g 





of the soil profile. This estimate could be high if Pb is decreasing over time, but still suggests 
considerable accumulation of C in the profile. Literature reports of C sequestration rates for similar 
systems typically range from 100 up to 1000 kg C ha-1 yr-1 (Lal et al., 2007; Powlson et al., 2014; 
Paustian et al., 2016).  
Total Carbon and Nitrogen in the Surface Layer 
Total C, total N, and C:N ratios from the 0 to 15 cm cores taken in the spring of 2017 are 
shown in Table 4-4. The FM224CC treatment had significantly more TC on a percentage basis in 
the 0 to 15 cm layer than did FM224CC-S. Carbon stocks (Mg C ha-1) in the 0 to 15 cm surface 
layer were also significantly higher in FM224CC compared to FM224CC-S. This possibly reflects 
the reduced residue input over the 8-yr period of stover removal. The FM168NT38 treatment had 
greater TC on a percentage basis compared to FM168NT10+R, and greater TC on a mass basis 
than SU168. The cereal rye cover crop in FM168NT10+R did not lead to a significant difference 
in TC or carbon stock relative to other treatments. Total N on a percentage basis and N stocks were 
both significantly higher in FM168NT38 compared to all other CS rotation treatments. Treatment 
average C:N ratios ranged from 11.67:1 to 12.94:1 but did not significantly differ among the 
treatments. Individual samples had C:N ratios ranging from 10.42:1 to 17.17:1.    
Bulk Density 
The spring 2017 cores (sampled June 1st and 2nd) were evaluated for Pb. Cores from the 
same location were taken again in October after harvest. Table 4-5 shows a comparison across 
treatments for both dates. There was a trend towards higher Pb in the NT treatments relative to 
treatments with tillage on both dates. In June the FM168NT2 and FM168NT10+R treatments had 
significantly higher Pb than any of the tilled treatments. There was also a trend towards lower Pb 
in October compared to June with the exception of FM224SS+ST. The FM168NT10+R and 





were in agreement with other research showing higher Pb in NT compared to conventional tillage 
(Vyn and Raimbault, 1993; Fabrizzi et al., 2005; Alvarez and Steinbach, 2009). However, other 
research has found inconsistent results when comparing bulk density changes in NT compared to 
tilled soils. A review by Strudley et al. (2008) found that NT generally increases macropore 
connectivity and infiltration rates, but has mixed effects on porosity and Pb. Bulk density is affected 
by several parameters including soil texture, structure, and water holding capacity. No-till soils 
tend to have greater water holding capacity (Mahboubi et al., 1993) and more residue cover, 
potentially leading to wetter soils and greater compaction during field operations. The higher bulk 
density noted in the cover crop treatment may be partly due to increased wheel traffic from seeding 
and termination the cover crop, though we attempted to avoid sampling wheel track rows wherever 
possible.  
Aggregate Size Distribution 
The percentage of total soil dry weight of each aggregate fraction after sand was removed 
is shown in Figure 4-6. Sand accounted for between 30.5 and 31.8% of total dry soil weight and 
did not significantly differ between treatments. The total proportion of aggregates > 0.212 mm was 
significantly greater in FM168NT38 compared to FM224CC-S. There were no significant 
differences in total aggregate fraction > 0.212 mm between any of the other treatments. There were 
also no significant differences in aggregate fraction > 2 mm between any of the treatments. The 
FM168NT38 treatment had a significantly greater proportion of aggregates in the 1 to 2 mm 
fraction relative to all other treatments except FM168NT2. Greater aggregation in the FM168NT38 
treatment is expected given the lack of disturbance via tillage over a long period of time. In the 
CC treatments, FM224CC and FM224CC-S did not differ, suggesting that eight years of stover 
removal did not significantly affect AGG. The rye cover crop in FM168NT10+R did not appear 





did exist in the smaller fractions, the differences were small and reflected shifts of a few percentage 
points between aggregate sizes rather than any significant increase in overall aggregation. There 
was a significant (P < 0.0001) positive Pearson correlation coefficient (0.57) between TC and total 
AGG > 0.212 mm (not shown).      
  Detecting treatment effects on AGG proved difficult in this study. There was considerable 
plot-to-plot variation within a given treatment. Future work should include sample sizes > n=3 
from each plot to reduce variation caused by sampling location. The changing cropping practices 
over time at the site makes it difficult to draw conclusions from this data regarding treatment 
effects on AGG with any certainly. Aggregation changes slowly over time, thus comparison of 
samples taken at a single point in time provide no information regarding soil health trends within 
a given treatment. It is important to note that spring sampling was done approximately 1 month 
after tillage, which would significantly affect soil aggregation and Pb in plots with tillage. 
However, sampling after spring field operations provides an accurate representation of the soil 
environment that growing plants are exposed to, and has been done in similar research (Rorick and 
Kladivko, 2017).  
Potentially Mineralizable Nitrogen 
Cumulative NO3-N mineralized during over a 42 day PMN test is shown in Table 4-6. 
Total mineralization at day 42 ranged from 44.0 to 51.4 mg NO3-N kg
-1 soil. No significant 
differences were observed between treatments on any day. However, when plot data from all 
treatments was combined there was a relationship between PMN and other soil health indicators. 
Total N had a negative and significant (p < 0.05) Pearson correlation coefficient with PMN at day 
14, 28, and 42. There was a significant positive correlation between C:N ratio and PMN through 





Results from this study show that PMN was positively correlated to C:N ratio and 
negatively correlated to TN. Research by Osterholz et al., (2017) found no significant correlation 
between PMN and C:N ratio or TN. Results found here could be consistent because TN and PMN 
are measuring different pools of N. A sample with higher C:N may reflect the presence of 
incompletely degraded residues. This residue serves as a carbon source for microbial activity, thus 
potentially leading to more mineralization provided that the C:N ratio remains below 25:1 where 
immobilization of N would be expected. A lower C:N ratio could correlate with higher TN simply 
because more nitrogen in the soil for a given amount of carbon would lead to a lower ratio.  
SMAF Soil Quality Index (SQI) Scores 
Table 4-8 shows individual indicator scores and overall SQI scores for each treatment. Soil 
Management Assessment Framework scores for individual indicators suggest that the soils were 
functioning at or near full potential for PMN and AGG (0.99 to 1.00). Scores for Soil pH (0.96 to 
1.00) and P (0.93 to 1.00) were also near optimum levels. Corn-soybean rotation treatments were 
at suboptimum levels of K (0.78 to 0.80) relative to the CC treatments (1.00). There were 
significant differences in indicator scores for TC (0.59 to 0.74). The FM168NT38 treatment had a 
significantly higher TC score than the other CS rotation treatments. The CC treatments did not 
have significantly different TC scores. Bulk density indicator scores (0.45 to 0.81) differed 
significantly, with FM224CC-S having the highest indicator score, reflecting the lowest Pb. What 
was unexpected was that the FM224CC-S treatment would end up with a significantly higher 
indicator score for Pb than all other treatments in the SMAF analysis. It is important to note that 
stover was last removed from this treatment in the fall of 2014, so there may be no correlation 
between Pb and stover removal in this case. The NT plots all had significantly lower Pb indicator 
scores than either of the tilled CC treatments. Overall SQI scores also differed, with the CC 





lower Pb and higher TC observed in those plots. The lowest SQI score was observed in the 
FM168NT10+R treatment, due to it also having the lowest Pb and TC scores.      
Soil quality index scores from this study suggest a lower level of soil health in the 
FM168NT10+R cover crop treatment. This is primarily due to the weighting given to Pb and TC 
in the SMAF program. On a mass basis, TC was not significantly different in the cover crop 
treatment compared to others. The SMAF program only uses inputs on a percentage basis and 
therefore doesn’t reflect TC on a mass basis in the SQI output. Lower grain yields have been 
recorded in the cover crop treatment, thus C inputs from residue may be lower. However, a 
considerable portion of organic C is derived from decomposed microbial necromass and the cover 
crop would be expected to increase biological activity in the soil. Further investigation is needed 
to determine why TC levels do not appear to be increasing with the cover crop treatment relative 
to the others.  
The effect of stover removal was also of interest in this study. Karlen et al. (2011) found 
that stover harvest may have contributed to lower soil SQI scores over time but did not significantly 
affect total organic C levels. While it appears that stover removal may have factored into the 
significantly lower TC levels near the surface in FM224CC-S compared to FM224CC, it did not 
significantly affect the SQI scores for that treatment.  
Conclusions 
Results from this study showed significant increases in TC levels between 2007 and 2016 
at various depths between 30 and 120 cm in several cropping systems typical to Midwestern U.S. 
agriculture. There was no significant difference between treatments in the rate of change in TC at 
a given depth. An analysis of surface samples taken in 2017 indicated significant differences in 
TC, with a CC treatment having greater TC than a similar treatment with a history of stover 





and tilled treatments in CS rotation. Aggregate size distribution differed somewhat between 
treatments but there were few significant differences in the overall fraction of aggregates > 212 
µm. Bulk density levels were significantly higher in NT compared to treatments with tillage. 
Potentially mineralizable nitrogen levels did not differ significantly between treatments. 
Evaluation with the Soil Management Assessment Framework revealed significant differences 
between treatments, with a cover crop treatment managed with NT having the lowest SQI. Based 
on the SMAF analysis, the cereal rye cover crop did not improve soil health relative to similar 
treatments without a cover crop. This was due to a higher bulk density and lower TC on a 
percentage basis in plots with the cover crop. Cropping management may be needed to be changed 
to alleviate compaction and improve soil health in the cover crop treatment.    
This research demonstrates the need to examine soils at depths greater than what has 
traditionally been reported in the literature when evaluating soil carbon levels and estimating 
carbon storage potential of soils. The implication that Midwestern U.S. corn-soybean and 
continuous corn systems may be experiencing significant increases in TC deep in the soil profile 
is an important finding that needs to be verified with research at other locations.    
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Table 4-1. Historical tillage and N management for the experimental treatments at the ISU Northeast Research Farm, Nashua, IA. 























Ridge tillage (1978-1992) 
Conservation tillage (1993-2015) 
No-Till (2016-2017) 
FM168NT10+R 








Corn-Soybean  (1978-2017) 
 
Conventional tillage (1978-1992) 




















Continuous Corn (1978-1999) 
Corn-Soybean (2000-2006) 
Continuous Corn (2007-2017) 










Continuous Corn (1978-1999) 
Corn-Soybean (2000-2006) 
Continuous Corn (2007-2017) 
Conventional tillage (1978-1992) 
Conservation tillage (1993-2017) 











Table 4-2. Agronomic management for the 2017 crop year at ISU the Northeast Research Farm, Nashua, IA. 
Activity Treatments Date 
Fall manure application FM168NT2, FM168NT10+R 10/6/2016 
Fall manure application FM224CC, FM224CC-S, FM168NT38 11/2/2016 
Fall chisel plow FM224CC, FM224CC-S 11/10/2016 
Cereal rye seeded FM168NT10+R 11/10/2016 
Cereal rye terminated FM168NT10+R 4/17/2017 
Spring field cultivate FM224CC, FM224CC-S, SU168 5/4/2017 
Corn planted All 5/6/2017 























Table 4-3. Estimated soil profile total C change over time from regression analysis of soil profile data from 2007 to 2016.  
  Corn-Soybean Rotation Continuous Corn 
 Depth, cm SU168 FM168NT2 FM168NT10+R FM168NT38 FM224CC FM224CC-S 
Initial (% TC) 
0-15 
1.639 1.784 1.856 1.959 1.925 1.694 
Annual change (% TC) +0.011 +0.004 +0.007 0.000 +0.014 +0.004 
P value 0.268 0.796 0.787 0.996 0.570 0.739 
R2 0.021 0.001 0.001 0.000 0.012 0.004 
Initial (% TC) 
15-30 
1.328 1.472 1.641 1.438 1.479 1.356 
Annual change (% TC) +0.013 +0.011 +0.006 +0.007 +0.034 -0.001 
P value 0.274 0.271 0.875 0.370 0.335 0.930 
R2 0.021 0.021 0.000 0.014 0.033 0.000 
Initial (% TC) 
30-60 
0.584 0.636 0.639 0.507 0.646 0.480 
Annual change (% TC) +0.027 +0.021 +0.023 +0.023 +0.020 +0.012 
P value 0.017 0.022 0.278 0.001 0.351 0.050 
R2 0.095 0.087 0.020 0.163 0.031 0.129 
Initial (% TC) 
60-90 
0.253 0.225 0.224 0.196 0.218 0.207 
Annual change (% TC) +0.015 +0.014 +0.020 +0.018 +0.015 +0.013 
P value <0.0001 <0.0001 0.002 <0.0001 0.001 <0.0001 
R2 0.234 0.233 0.158 0.354 0.319 0.606 
Initial (% TC) 
90-120 
0.137 0.206 0.190 0.206 0.186 0.210 
Annual change (% TC) +0.017 +0.007 +0.012 +0.012 +0.015 +0.010 
P value <0.0001 0.386 0.017 0.221 0.144 0.151 
R2 0.521 0.013 0.095 0.026 0.075 0.072 









Table 4-4. Total carbon, total nitrogen, and C:N ratio from 0 to 15 cm bulk density cores sampled June 1 and 2, 2017. 
 Corn-Soybean Rotation Continuous Corn 
 SU168 FM168NT2 FM168NT10+R FM168NT38 FM224CC FM224CC-S 
Total C (%) 1.97bc 1.97bc 1.93c 2.17ab 2.30a 2.05bc 
Total C, 0-15 cm 
(Mg ha-1) 
43.8b 45.8ab 45.6ab 49.5a 50.0a 43.0b 
Total N (%) 0.160bc 0.155c 0.158bc 0.187a 0.181ab 0.177abc 
Total N, 0-15 cm 
(kg ha-1) 
70.7b 71.2b 72.5b 92.9a 93.4a 76.3ab 
C:N ratio 12.23a 12.99a 12.36a 11.67a 12.94a 11.64a 
Means with the same letter within row are not significantly different at P ≤ 0.05. 
 
Table 4-5. June and October 2017 bulk density measurements for 0 to 15 cm depth cores.   
 Corn-Soybean Rotation Continuous Corn 
 SU168 FM168NT2 FM168NT10+R FM168NT38 FM224CC FM224CC-S 
6/1/2017 1.49bc 1.55a 1.58a  1.52ab 1.46cd 1.40d 
10/20/2017 1.47ab 1.53a 1.53a ^ 1.47ab ^ 1.38c 1.45b 
Means with the same letter within date are not significantly different at P ≤ 0.05. Means with ^ indicate a significant change within 
















Table 4-6. Cumulative potentially mineralizable nitrogen (PMN) levels over time during aerobic incubation. 
 Corn-Soybean Rotation Continuous Corn 
 SU168 FM168NT2 FM168NT10+R FM168NT38 FM224CC FM224CC-S 
 mg NO3-N kg
-1 soil 
PMN Day 3 8.8a 9.8a 9.8a 9.3a 9.6a 10.5a 
PMN Day 7 16.3a 20.0a 19.8a 17.8a 20.3a 21.0a 
PMN Day 14 26.1a 30.2a 26.6a 23.9a 30.5a 29.1a 
PMN Day 28 35.6a 40.0a 37.0a 35.1a 37.7a 35.1a 
PMN Day 42 48.5a 51.4a 51.0a 47.4a 46.0a 44.0a 
Means with the same letter within day are not significantly different at P ≤ 0.05. 
 
 
Table 4-7. Pearson correlation coefficients between Total N, C:N ratio, and PMN  
Pearson Correlation Coefficients (r), n = 54 
 Total N (r) Total N P-value  C:N ratio (r) C:N ratio P-value 
PMN Day 3 -0.22 0.1077 0.37 0.0056 
PMN Day 7 -0.26 0.0618 0.48 0.0002 
PMN Day 14 -0.31 0.0214 0.51 <0.0001 
PMN Day 28 -0.39 0.0036 0.61 <0.0001 













Table 4-8. Individual indicator scores and overall Soil Quality Index (SQI) scores for each treatment from the Soil Management 




score AGG Pb TC PMN P K pH 
 
SU168 0.99a 0.62bc 0.61b 1.00a 0.99a 0.79b 0.99a 0.85b 
FM168NT2 1.00a 0.49d 0.61b 1.00a 1.00a 0.80b 1.00a 0.84bc 
FM168NT10+R 0.99a 0.45d 0.59b 1.00a 0.99a 0.78b 0.99a 0.83c 
FM168NT38 1.00a 0.55cd 0.71a 1.00a 1.00a 0.78b 0.99a 0.86b 
FM224CC 0.99a 0.69b 0.74a 1.00a 1.00a 1.00a 0.96b 0.91a 
FM224CC-S 1.00a 0.81a 0.65ab 0.99a 0.93b 1.00a 0.97b 0.91a 
* A score of 1.00 indicates that the soil is functioning at 100% of its inherent potential for a given indicator. Indicator scores with the same letter 






CHAPTER 5.    CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
RESEARCH 
Results from this study indicate that tillage had little impact on FWANC in drainage water 
in a corn-soybean rotation. Swine manure applied prior to both corn and soybeans led to an 
increase in FWANC compared to swine manure applied only before corn in a corn-soybean 
rotation. Residue removal over 8 years had little impact on NO3-N concentrations or yields in a 
continuous corn treatment. The study showed minimal impact on PO4-P concentrations from any 
of the treatments. Early fall applied swine manure with a cereal rye cover crop resulted in 
significantly lower 2-yr average NO3-N concentrations and overall losses in drainage water 
compared to early fall manure without a cover crop. Average rye cover crop N uptake was 
significantly greater in plots receiving manure compared with plots receiving no manure, 
suggesting that the rye cover crop was effective at capturing N from manure. Late fall applied 
swine manure resulted in significantly lower NO3-N concentrations than early fall manure in corn, 
but there was no difference during the soybean phase of the rotation. Continuous corn receiving 
spring manure resulted in significantly higher 2-yr average yields compared to late fall manure, 
suggesting that delaying manure application to better match crop N uptake demand may provide a 
yield benefit. Results indicate that cereal rye cover crops have the potential to reduce NO3-N 
concentrations in drainage water but management changes may be required to alleviate yield 
impacts. Further research is needed to determine the impact of spring vs. fall-applied manure on 
NO3-N leaching losses. 
This study also showed significant increases in TC levels between 2007 and 2016 at various 
depths between 30 and 120 cm in several cropping systems typical to Midwestern U.S. agriculture. 
There was no significant difference between treatments in the rate of change in TC at a given 





a continuous corn treatment having greater TC than a similar treatment with a history of stover 
removal. Aggregate size distribution differed somewhat between treatments but there were few 
significant differences in the overall fraction of aggregates > 212 µm. Bulk density levels were 
significantly higher in NT compared to treatments with tillage. Potentially mineralizable nitrogen 
levels did not differ significantly between treatments. Evaluation with the Soil Management 
Assessment Framework revealed significant differences between treatments, with a cover crop 
treatment managed with NT having the lowest SQI. Based on the SMAF analysis, the cereal rye 
cover crop did not improve soil health relative to similar treatments without a cover crop. This was 
due to a higher bulk density and lower TC on a percentage basis in plots with the cover crop. 
Cropping management may be needed to be changed to alleviate compaction and improve soil 
health in the cover crop treatment. This research demonstrates the need to examine soils at depths 
greater than what has traditionally been reported in the literature when evaluating soil carbon levels 
and estimating carbon storage potential of soils. The implication that Midwestern U.S. corn-
soybean and continuous corn systems may be experiencing significant increases in TC deep in the 
soil profile is an important finding that needs to be verified with research at other locations. 
